Metallic Ground State of Functionalized Carbon Nanotubes by Rauf, Hendrik
Fakulta¨t Mathematik und Naturwissenschaften
Technische Universita¨t Dresden
Leibniz-Institut fu¨r Festko¨rper- und Werkstoffforschung
Metallic Ground State of Functionalized
Carbon Nanotubes
Dissertation
zur Erlangung des akademischen Grades
Doctor rerum naturalium
vorgelegt von
Hendrik Rauf
geboren am 03. September 1975 in Osnabru¨ck
Dresden 2007
L
Eingereicht am 22. Dezember 2006
1. Gutachter: Prof. Dr. B. Bu¨chner
2. Gutachter:
3. Gutachter:
Verteidigt am
Contents
1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
2 Carbon nanotubes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.1 Graphite and Graphene . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.2 Geometric structure of single-wall carbon nanotubes . . . . . . . . . . . . . . 6
2.2.1 Real space description . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.2.2 Reciprocal lattice and Brillouin zone . . . . . . . . . . . . . . . . . . 9
2.3 Electronic band structure of SWCNT . . . . . . . . . . . . . . . . . . . . . . 10
2.4 Synthesis and characterization of SWCNT . . . . . . . . . . . . . . . . . . . 12
2.4.1 SWCNT synthesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.4.2 Determining the electronic and optical properties of SWCNT . . . . . 14
2.5 Functionalization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.5.1 Intercalation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.5.2 Structure and fabrication of C60 peapods . . . . . . . . . . . . . . . . 18
2.5.3 Electronic structure of C60 peapods . . . . . . . . . . . . . . . . . . . 20
3 Experimental methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
3.1 Interaction between light and solid . . . . . . . . . . . . . . . . . . . . . . . 24
3.2 Photoemission spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.2.1 Theoretical description . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.2.2 Instrumentation and experimental setup . . . . . . . . . . . . . . . . 29
3.3 X-ray absorption spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.4 Sample preparation and characterization . . . . . . . . . . . . . . . . . . . . 35
4 Electrons in one and three dimensions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
4.1 Fermi gas and Fermi liquid . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
4.2 Tomonaga-Luttinger liquid . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
4.3 Experiments on one-dimensional systems . . . . . . . . . . . . . . . . . . . . 48
4.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
5 Electronic properties of pristine SWCNT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
5.1 Core level and XPS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
5.2 Valence band . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
5.3 Tomonaga-Luttinger liquid behavior . . . . . . . . . . . . . . . . . . . . . . . 57
5.4 Conduction band . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
5.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
iv Contents
6 Electronic properties and metallic ground state of doped SWCNTs . . . . . . . . . . 65
6.1 Core level: C1s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
6.1.1 Determination of the potassium content . . . . . . . . . . . . . . . . 65
6.1.2 Line shape: Increasing asymmetry . . . . . . . . . . . . . . . . . . . . 66
6.2 Valence band properties at low and medium doping levels . . . . . . . . . . . 68
6.3 Crossover from a Tomonaga-Luttinger liquid to a Fermi liquid . . . . . . . . 73
6.4 High doping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
6.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
7 Electronic properties of pristine and doped C60 peapods . . . . . . . . . . . . . . . . . . . . . 83
7.1 Electronic structure of pristine C60 peapods . . . . . . . . . . . . . . . . . . 83
7.2 Doping behavior of the C60 peapod valence band . . . . . . . . . . . . . . . . 88
7.3 Nature of the C60 peapod metallic ground state upon intercalation . . . . . . 91
7.4 High doping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
7.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
8 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
Bibliography. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
List of publications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113
Acknowledgement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
1 Motivation
Carbon nanostructures
Carbon is presumably the most diverse and important element in the periodic table. The
carbon atom has a high affinity to bond with other atoms. Together with its small size,
which enables the formation of multiple bonds, this leads to a great variety of compounds
which can be formed. And indeed, with over ten million known compounds, carbon appears
in the vast majority of all chemical compounds, granting carbon an important standing
in biology and organic chemistry and, of course, physics. Carbon is the sixth element of
the periodic table with the electronic configuration 1s2 2s2 2p2. Even when only bonding
with other carbon atoms, a great number of compounds is possible. Fig. 1.1 depicts some
examples of carbon allotropes. The electronic configuration gives rise to three possible hy-
bridizations of the atomic orbitals of carbon: sp hybridization is found eg. in acetylene,
graphite is the most common example for sp2 hybridization, and sp3 bonding is responsible
for the extraordinary hardness of diamond. The materials formed can be either insulating
(diamond), semiconducting (fullerenes and nanotubes), semimetallic (graphite), or metallic
(nanotubes). The sp2 bonding configuration is of particular interest because of its com-
bination of strong and stiff σ bonds which covalently couple the carbon atoms and the π
orbitals which are directed perpendicular to the σ bond network and determine the electronic
properties of the compound.
a)
e)d)
c)b) Figure 1.1: Different allotropes of car-
bon. a) Diamond b) Graphite c) Amor-
phous graphite d) C60 e) SWCNT
The discovery of fullerenes in 1985 established a new family of sp2 bonded allotropes
[1] and earned Robert F. Curl jr., Harold W. Kroto and Richard E. Smalley the Nobel
prize in chemistry in 1992 for their role in the discovery of these highly symmetric carbon
molecules [2]. In 1991, a new member of this family of carbon nanostructures appeared on the
landscape. Iijima observed tubular structures in high-resolution TEM and identified them
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as multi-wall carbon nanotubes (MWCNTs) [3]. Shortly after that, the successful synthesis
of single-wall carbon nanotubes (SWCNT) was reported [4, 5]. In contrast to MWCNTs,
SWCNTs consist of only one carbon shell, making them remarkable one-dimensional objects.
Carbon nanotubes exhibit outstanding characteristics. In terms of mechanical properties
they are among the strongest and most resilient materials known to exist. MWCNTs as
well as SWCNTs exhibit an unrivalled high elastic modulus at very low weight. They are
predicted to be the strongest fibers that can be made [6]. Their tensile strength is about a
hundred times higher than that of steel, yet they are very flexible. The electronic properties
of SWCNTs are highly dependent on their structure. Depending on their chirality they can
be either metallic or semiconducting [7, 8]. These properties have sparked a great interest
in the application of nanotubes. First large scale applications use MWCNTs to increase the
strength and modulus of composite materials and for improving the lifetime and performance
of lithium-ion batteries. In addition, the possibility of contacting individual nanotubes [9]
enables their application in microtechnology as transistors or metallic interconnects [10].
The transport properties of semiconducting SWCNTs surpass those of silicon in terms of
current density and charge carrier mobility [11]. Individual field effect transistors perform
remarkably well [12] and device functions (AND and NOR gates, etc.) have been fabricated
[13]. Furthermore, nanotubes have been proven suitable as light-emitting diodes for displays
[14] and can be used as sensors on a microscopic scale. Among the challenges which have to
be overcome to ensure a wider range of applications are the controlled synthesis of defined
chiralities, the separation of individual nanotubes with defined properties and an efficient
controlled spatial deposition and ordering of tubes [15].
Carbon nanotubes are also of great interest from the perspective of fundamental research.
Because of their particular structure SWCNTs are thought of as perfect one-dimensional sys-
tems and, as such, exhibit peculiar electronic properties. This was demonstrated eg. by the
existence of so-called van-Hove singularities (vHs) which are a fingerprint of one-dimensional
systems. They determine the optical properties of SWCNTs and lead to resonance ef-
fects which motivated extensive studies using optical absorption spectroscopy, Raman spec-
troscopy and photoluminescence spectroscopy [16, 17]. Furthermore, the ballistic transport
of one-dimensional systems with a conductivity G = 2e2/h, i.e. independent of length and
scattering, is predicted [18] and observed over a length scale of several microns [19].
On the other hand, correlation effects also play an important role in SWCNTs. This was
demonstrated e.g. through the Coulomb blockade in transport experiments [20]. In addi-
tion, the existence of excitons in SWCNTs was recently proven experimentally [21,22]. The
extraordinary high exciton binding energy which was found is an indication of a significant
interaction between charge carriers. Correlation effects also greatly influence the metallic
ground state of materials. In classical three-dimensional metals electron-electron interaction
mainly leads to a renormalization of the charge carrier properties (eg. effective mass), as de-
scribed in Landau’s Fermi liquid theory. One-dimensional metals are influenced to a greater
extent by interactions. In fact, the Landau-quasiparticle picture breaks down due to the
Peierls instability. Instead, one-dimensional metals are described by Tomonaga-Luttinger
liquid (TLL) theory which predicts unusual properties such as spin-charge separation and
non-universal power laws in some physical properties such as the electronic density of states.
Such a behavior is also predicted for SWCNTs and indeed, transport experiments could be
interpreted in terms of tunneling into or between TLL [23–26]. However, in the interpreta-
3tion of these experiments uncertainties remained due to the contacting and the small energy
scale. In this regard, photoemission spectroscopy appears to be a useful tool to resolve these
uncertainties.
Aim of this thesis
In this thesis the metallic ground state of one-dimensional and three-dimensional systems
and the transition between these dimensionalities is studied. Metallic SWCNTs represent
a paradigm of a one-dimensional metal. In realistic systems they are embedded in a three-
dimensional structure: SWCNTs tend to form bundles. This makes them an interesting and
promising subject for such studies. SWCNTs will be studied in the pristine state and upon
functionalization with doping, filling with C60 molecules and a combination of these two. In
particular, it will be investigated how a controlled modification of the SWCNTs influences
the one-dimensional character of the system.
In the pristine state the Tomonaga-Luttinger liquid behavior of SWCNTs will be inves-
tigated by photoemission spectroscopy. This method promises to overcome the limitations
concerning energy scale and contacting of previous transport experiments which dealt with
this topic. It will be shown that SWCNTs are indeed one-dimensional objects from the elec-
tronic point of view, although they are embedded in the three-dimensional bundle structure.
Using chemical doping, the electronic structure of the system can be manipulated and the
character of the SWCNTs can be changed by rendering the semiconducting tubes metallic.
The influence of this process on the dimensionality of the system will be investigated and
the results will be discussed in terms of a transition from a Tomonaga-Luttinger liquid to a
Fermi liquid.
Further interesting topics arise if the band structure is modified by introducing new
electronic states into the system. This is carried out by filling the SWCNTs with C60
molecules. In these so-called C60 peapods, the molecular orbitals derived from C60 add new
components to the electronic system. This is especially interesting since the quantitative
manifestation of TLL behavior depends on the number of conduction channels in the system.
The role of the additional bands can be studied in more detail by also doping the C60
peapods. The transition from a Tomonaga-Luttinger liquid to a Fermi liquid is discussed
with regard to the role of the contribution of the C60 filling.
In order to present a complete and conclusive picture, Chapter 2 will give an introduc-
tion into the field of carbon nanotubes with emphasis on the electronic properties. The
experimental methods will be presented in Chapter 3, followed by an introduction to the
metallic ground states of one- and three-dimensional systems and their distinctly different
properties in Chapter 4. Chapter 5 is devoted to the electronic properties of pristine SWC-
NTs as they are obtained from photoemission spectroscopy. In Chapter 6, a detailed doping
experiment will be carried out and discussed regarding the influence on the dimensionality
of the SWCNT bundle. The investigation of the influence of the C60 filling on the metallic
ground state of C60 peapods is presented in Chapter 7, a doping series similar to that in
Chapter 6 is carried out. Finally, the results of this thesis are summarized in Chapter 8.
2 Carbon nanotubes
In many solid state materials, the electronic properties are closely related to their geomet-
ric structure. Nevertheless single-wall carbon nanotubes (SWCNT) form a special species
in this regard. Although SWCNTs can always be envisaged as a rolled-up graphene sheet,
the possible varying rolling directions of this sheet lead to different fundamental electronic
properties. The aim of this chapter is to discuss the structural and electronic properties of
carbon nanotubes with special regard to their interplay. In the last section of this chap-
ter, the different ways of modifying the electronic and structural properties of SWCNTs by
functionalization will be discussed.
2.1 Graphite and Graphene
A graphite crystal is formed by a layered hexagonal lattice of carbon (C) atoms. The
two-dimensional layers are called graphene or two-dimensional graphite. Graphene can be
regarded as a starting point for both, the structure and the electronic properties of carbon
nanotubes. Its properties can be approximated well by those of graphite since the inter-layer
spacing of 3.35 A˚ is much larger than the in-plane C-C bond length and thus the inter-plane
interaction is weak.
The origin of the hexagonal structure is the C-C bond configuration as it results from
the hybridization of the valence band electrons. In carbon, these valence band electrons are
the two 2s and two 2p orbitals1 which can mix in different ways. The type of hybridization
determines the bonding configuration in the large family of carbon structures. Diamond is
an example of sp3 hybridization and is characterized by four σ bonds per carbon atom in a
three-dimensional arrangement. In graphite – and consequently carbon nanotubes as well –
sp2 hybridization is present, i.e. two p-orbitals hybridize with one s-orbital . This results in
three strong covalent σ-bonds per carbon atom which lie in a plane and form angles of 120◦
between them and π orbitals perpendicular to this plane. Fig. 2.1 depicts a graphene sheet
of this kind. With respect to the basis shown in the figure, the directions of the primitive
vectors of the honeycomb lattice ~a1 and ~a2 can be expressed as
~a1 = (
√
3a/2, a/2) ~a2 = (
√
3a/2,−a/2). (2.1)
The graphene honeycomb lattice – as opposed to the hexagonal lattice – is not a Bravais
lattice, its unit cells contain two carbon atoms at non-equivalent positions.
The electronic structure of graphene can be obtained in a simple nearest-neighbor tight-
binding model. The energy dispersion – in this case for the π bands – is given as a function
of the transfer integral γ0 and the overlap integral s [27]:
1The two 1s electrons form the so-called core level states and are strongly localized.
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Figure 2.1: Left panel: Hexagonal lattice of a graphene sheet. The unit cell defined
by a1 and a2 is marked. Right panel: Reciprocal lattice (dashed) with lattice vectors
b1 and b2 corresponding to the real lattice defined by a1 and a2. The first Brillouin
zone is indicated in dark gray, the second in light gray. The high symmetry points ΓKM
are indicated by the white triangle.
E±g2D(k) =
ǫ2p ± γ0ω(k)
1∓ sω(k) , (2.2)
where ǫ2p is the orbital energy of the 2p level. The ± signs correspond to the bonding and
anti-bonding bands. The function ω is given by [27]:
ω(k) =
√√√√1 + 4 cos
(√
3kxa
2
)
cos
(
kya
2
)
+ 4 cos2
(
kya
2
)
, (2.3)
where kx and ky are the components of the ~k-vector. In a first approximation, only the π and
π⋆ bands are considered. The Slater-Koster scheme where the overlap integral s between
two neighboring atoms is neglected is used. In this case the resulting energy dispersion is
given by
Eg2D(kx, ky) = ±γ0
√√√√1 + 4 cos(3kxa
2
)
cos
(√
3kya
2
)
+ 4 cos2
(√
3kya
2
)
. (2.4)
In the right panel of Fig. 2.2, this dispersion is plotted for s = 0 (dashed line) and
s = 0.129 (solid line) along the directions of high symmetry. The left panel depicts the
dispersion of the π and π⋆ bands over the whole Brillouin zone. One important point is that
the valence band and the conduction band touch at the K point. However, the density of
states at the Fermi level is zero. Graphene is thus called a zero-gap semiconductor.
2.2 Geometric structure of single-wall carbon nanotubes
2.2.1 Real space description
The nanotube structure is obtained by rolling up a defined section of a graphene sheet. Such
a setting is depicted in Fig. 2.3. In the following some definitions concerning the geometric
structure will be given.
2.2 Geometric structure of single-wall carbon nanotubes 7
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Figure 2.2: Left panel: The π band dispersion of graphite over the whole Brillouin zone as
it results from a simple tight-binding model including the overlap integral. Right panel: En-
ergy dispersion of graphite along the high-symmetry directions of the Brillouin zone including the
overlap integral (s = 0.129, solid line) and in the Slater-Koster scheme (s = 0, dashed line).
Chiral vector
Although SWCNTs are not actually produced in this way, the easiest way to visualize the
geometric structure of SWCNTs is by imagining a rectangular section of a graphene sheet.
The nanotube is then formed by rolling up this graphene sheet section. This section and
thus the structure of the SWCNT is specified by the vector
−→
AB in Fig. 2.3 which starts
and ends at a lattice point. This vector, also written as ~Ch, defines the circumference of
the nanotube and is called chiral vector or Hamada vector. It can be expressed by the real
space unit vectors of the honeycomb lattice, ~a1 and ~a2:
~Ch = n~a1 +m~a2 := (n,m) (n,m ∈ Z). (2.5)
Because of the sixfold symmetry of the honeycomb lattice, the range of n and m is restricted
to 0 ≤ |m| ≤ |n|. The absolute value of the chiral vector
| ~Ch| =
√
3a0
√
n2 +m2 + nm, (2.6)
is equal to the circumference of the nanotube which is formed by the graphene section. The
diameter d of the nanotube is then given by
d = | ~Ch|/π =
√
3 a0
√
n2 +m2 + nm/π, (2.7)
where a0 = 1.42 A˚ is the nearest-neighbor C-C distance.
Chiral angle
Another useful value is the so-called chiral angle θ, which is the angle between ~a1 and ~Ch.
It can be expressed as
cos θ =
~Ch · ~a1
| ~Ch||~a1|
=
2n+m
2
√
n2 +m2 + nm
. (2.8)
Due to the hexagonal symmetry of the honeycomb lattice, its values are in the range 0 ≤
|θ| ≤ 30◦. θ also denotes the tilt of the angle of the hexagons with respect to the direction
of the nanotube axis. SWCNTs can be classified by the index pair (n,m).
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Figure 2.3: Schematic honeycomb structure of a graphene sheet. Carbon atoms are at the
vertices. SWCNTs (4, 2) can be formed by folding the sheet along lattice vectors. The two basis
vectors are ~a1 and ~a2 [27]. Figure after [28].
SWCNTs are called
• armchair nanotubes if n = m. This means that ~Ch = (n, n) and θ = 30◦;
• zigzag nanotubes if m = 0. This means that ~Ch = (n, 0) and θ = 0◦;
• chiral nanotubes in all other cases.
Examples for this classification are given in Fig. 2.4.
Translational vector
The translational vector
~T = t1 ~a1 + t2 ~a2 := (t1, t2) (t1, t2 are integers, 0 ≤ |m| ≤ |n|) (2.9)
is defined as the unit vector of a 1D carbon nanotube. It is parallel to the nanotube axis
and normal to the chiral vector ~Ch in the unrolled graphene lattice. It extends from the
origin of ~Ch to the first lattice point on the line perpendicular to ~Ch. Using ~Ch · ~T = 0, t1
and t2 can be expressed as a function of the indices n and m as
t1 =
2n+m
dR
and t2 =
2m+ n
dR
, (2.10)
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Figure 2.4: Schematic honeycomb
structure of three types of SWCNTs.
From top to bottom: A (5,5) armchair
tube,a (9,0) zigzag tube, and a (10,5)
chiral tube [27].
where dR is the greatest common divisor of (2n +m) and (2m + n). The one-dimensional
unit cell is now the rolled-up rectangle spanned by ~Ch and ~T . This allows us to derive the
number of hexagons per unit cell N , which is important for the determination of the number
of electronic and phononic bands in SWCNTs. The number of hexagons in one unit cell is
given by the area of the rectangle spanned by ~Ch and ~T divided by the area of one hexagon.
This value N ′ results as
N ′ =
2(m2 +mn+ n2)
dR
. (2.11)
Since every hexagon contains two carbon atoms, the number of carbon atoms in a SWCNT
unit cell results as
N = 2N ′ =
4(m2 +mn+ n2)
dR
. (2.12)
2.2.2 Reciprocal lattice and Brillouin zone
The reciprocal lattice is defined by the relation ~Ri · ~Ki = 2πδij. ~Ri are the lattice vectors
of the one-dimensional real space unit cell ~T and the circumferential vector ~Ch. ~Ki are the
reciprocal lattice vectors. The Brillouin zone of SWCNTs is calculated from these resulting
relations:
~Ch · ~K1 = 2π, ~T · ~K1 = 0, ~Ch · ~K2 = 0, ~T · ~K2 = 2π (2.13)
The reciprocal lattice vectors can now be expressed as a function of the reciprocal lattice
vectors of the hexagonal graphene lattice, ~b1 and ~b2 (as depicted in Fig. 2.1):
~K1 = (−t2~b1 + t1~b2)/N and ~K2 = (m~b1 − n~b2)/N. (2.14)
The resulting Brillouin zone is now a system of parallel lines with a length of | ~K2| and a
spacing of | ~K1|. It is depicted in Fig. 2.5 for a zigzag and an armchair nanotube with respect
to the reciprocal lattice of two-dimensional graphite. The length of the parallel lines is given
by 2π/|~T |.
Two wave vectors which differ by N ~K1 = (−t2~b1 + t1~b2) are equivalent because this
vector corresponds to a reciprocal lattice vector of two-dimensional graphite. The N − 1
wave vectors which differ by µ ~K1 with µ = 1, 2, ..., N − 1 are not equivalent as t1 and t2 do
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Figure 2.5: The first Brillouin zones for an armchair tube (n, n) [e.g. (10,10)] (a) and a zigzag
(n, 0) [e.g. (17,0)] (b). The reciprocal lattice vectors ~K1 and ~K2 corresponding to the real space
unit cell of these tubes as defined by ~Ch and ~T , respectively. The periodic boundary conditions
along the circumference of the tube result in allowed ~K1 values as indicated by the n vertical lines
marked q = 0 through n.
not have a common divisor except unity. The reciprocal lattice vector can thus be expressed
as
~K = k
~K2
| ~K2|
+ µ ~K1, µ = 0, 1, ..., N − 1 and − π/|~T | < k < π/|~T | (2.15)
As a result of the periodic boundary conditions along the circumference, N discrete k vectors
perpendicular to the nanotube axis are obtained. Continuous wave vectors are allowed along
the axis provided an infinite length of the nanotube is assumed.
2.3 Electronic band structure of SWCNT
Zone folding and band structure
Due to the close relation between graphene and SWCNTs, it is relatively easy to obtain
the SWCNT electronic band structure from that of graphene. As seen in the previous
section, the periodic boundary conditions along the circumferential direction permit only
discrete wave vectors. Thus the SWCNT energy bands consist of N one-dimensional energy
dispersion relations which fulfill the condition for the allowed states in Eq. 2.15. These
lines are cross sections of those for two-dimensional graphene and are obtained by simply
replacing the wave vector k in the graphite energy dispersion from Eq. (2.4) with the allowed
wave vectors:
Eµ(k) = Eg2D(k
~K2
| ~K2|
+ µ ~K1), µ = 0, 1, ..., N − 1 and − π/|~T | < k < π/|~T | (2.16)
This method is called zone-folding. The position and direction of the allowed SWCNT k
states with respect to the graphene Brillouin zone now depend on the direction in which the
nanotube is rolled up, i.e. the chirality. In this light it is easily conceivable that different
SWCNT chiralities have different electronic band structures. One important condition is
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whether the cutting lines cross the K-point of the graphene Brillouin zone because the K-
point is the only point where the graphite π band crosses the Fermi level. If a cutting
line now crosses the K-point, the resulting SWCNT band structure also contains a band
which crosses the Fermi level, the resulting nanotube is thus metallic. If the line does not
cross the K-point, a gap appears in the SWCNT band structure. The resulting nanotube
is a semiconductor. A simple rule is obtained from zone-folding considerations: A SWCNT
is metallic if m − n ∈ 3Z. Hence, all armchair nanotubes (n = m) are metallic. Fig. 2.5
illustrates this further: The allowed wave vectors are given with respect to the Γ point. In the
case of an armchair tube this means that the wave vector cutting the Γ point automatically
also crosses the K point, resulting in a metallic nanotube.
Fig. 2.6 shows the SWCNT band structure resulting from the zone folding method of
the graphite band structure as obtained from the tight-binding model for a metallic (10,10)
tube and a semiconducting (17,0) tube. The metallic tube has eleven bands in the valence
and conduction band, respectively. One of these bands crosses the Fermi level. The other
bands are separated by at least 1.8 eV and thus do not contribute to the conductivity. There
is obviously no subband crossing the Fermi level in the case of the semiconducting tube.
Instead, a direct gap of approximately 0.8 eV can be observed.
Figure 2.6: Left panel: Dispersion relations for a metallic (10,10) and a semiconducting (17,0)
tube as they result from a simple tight-binding approximation. Right panel: Density of states of
the same tubes as results from Eq. (2.17). The numbers indicate the vHs from the corresponding
subbands.
Starting from the band structure, the electronic density of states (DOS) can be calculated
using
D(E) =
T
2πN
∑
±
N∑
µ=1
∫
1
|dE±µ (k)
dk
|
δ[E±µ (k)− E]dE , (2.17)
where the summation is taken for the N one-dimensional conduction (+ sign) and valence
(- sign) bands, respectively [29]. The right panel of Fig. 2.6 depicts the resulting DOS from
the two band structures shown in the left panel. The most striking features are the spikes
in the DOS, the so-called van-Hove singularities (vHs). The vHs are of great importance
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for the spectroscopic investigation and characterization of SWCNTs since they define the
optical properties. In this regard, their most important property is that the gap between
corresponding vHs scales with the inverse diameter. The allowed k-vectors in a SWCNT are
the cutting lines of the graphite band structure. If a SWCNT is large enough, these cutting
lines are close enough to assume that the dispersion of graphite is linear between them. The
cutting lines, and consequently the positions where the bands are flat and lead to vHs in the
DOS, are thus equidistant in energy. The transition energies between corresponding vHs
are then given by
Eii =
2ia0γ0
d
, (2.18)
where those transitions where i is a multiple of three belong to metallic tubes, the others to
the semiconducting tubes. This relation between diameter and transition energy is crucial
for the optical investigation of SWCNTs by e.g. optical absorption or Raman spectroscopy,
although Eq. (2.18) can rarely be used for advanced experiments in its simple form.
For more sophisticated experiments, i.e. the assignment of individual peaks in Raman
or photoluminescence spectroscopy to specific chiralities, a more accurate calculation of the
transition energies is needed. It can be achieved e.g. by third-neighbor tight-binding [30],ab
initio calculations or by a symmetry-adapted non-orthogonal tight-binding model, where
curvature effects are included [31]. Considerable refinements occur as a result of the trigonal
warping effect [32]. These refinements become larger with decreasing tube diameter and are
usually illustrated in the so-called Kataura plot [33]. In addition, for smaller SWCNTs with
diameters d / 1 nm curvature effects lead to discernible deviations from this relation [31]
which can be categorized in a family pattern [34,35] where all SWCNTs with (2n+m) = l
form a family l. The SWCNTs are further classified as semiconducting type I (SI) if (2n+m)
mod 3 = 1, semiconducting type II (SII) if (2n+m) mod 3 = 2, and metallic (M) if (2n+m)
mod 3 = 0. For tubes with diameters as those used in this thesis however, these confinements
play a less important role and the quantitative properties of the sample can be adequately
described by the simple tight-binding model.
2.4 Synthesis and characterization of SWCNT
2.4.1 SWCNT synthesis
There is a variety of methods of producing carbon nanotubes, each with their own advantages
and disadvantages. The method of production and the parameters used greatly influence the
properties of the nanotubes grown, such as mean diameter or purity. SWCNTs can only be
grown with the aid of catalysts. Without the use of catalysts, mainly MWCNTs are grown.
Today, SWCNTs can be grown with diameters from 0.8 to 3 nm. The synthesis methods
are furthermore classified by their yield, i.e. the amount of SWCNTs in the soot. The
remainder of the soot consists of fullerenes, graphitic carbon and catalyst particles. In order
to obtain high purity samples, a lot of work is required on post-production purification.
Due to the unfortunate fact that the structural energy depends only weakly on the
chirality of a nanotube it is to date not possible to control exactly which chiralities are
grown. Therefore, every macroscopic sample contains a distribution of nanotube diameters
with both semiconducting and metallic nanotubes in the sample. There are three common
ways to produce carbon nanotubes. In the laser ablation and arc discharge methods, a
2.4 Synthesis and characterization of SWCNT 13
a) b) c) d)
Figure 2.7: a) Aligned SWCNTs on substrate produced by CVD. b) SWCNT bundles made by
laser ablation. c) Top view of a SWCNT bundle with the typical hexagonal arrangement. d)
Schematic representation of a SWCNT bundle. Open circles represent semiconducting tubes, filled
circles are metallic SWCNTs.
carbon target is vaporized while the chemical vapor deposition (CVD) relies on the catalytic
decomposition of a carbon source. These methods are now briefly introduced.
• Laser ablation: In the laser ablation method, a target consisting of graphite mixed
with some atom-% of catalyst particles is vaporized by a powerful laser in a furnace
at approximately 1200◦C. The SWCNTs form in the gas phase and are transported
to a cooled copper collector by a flow of an inert gas [36]. As in the other synthesis
techniques, the most common catalyst materials are Ni, Co and Fe. Most of the time
He or Ar is used as the inert gas. For the vaporization, pulsed [37, 38] or continuous
wave (cw) lasers [39,40] can be used.
The SWCNTs produced by this method are typically rather short (≈ 0.1mm) and,
depending on the synthesis conditions, SWCNTs with a mean diameter between 1.0
and 1.6 nm are obtained. Using laser ablation, samples with a very narrow diameter
distribution (variance ≈ 0.3 nm) can be produced. This makes samples produced with
this method especially useful for the studies presented in this work. Consequently,
the samples investigated were produced by laser ablation. Furthermore, the SWCNTs
obtained using this method are usually arranged in bundles [41].
• Arc discharge: This method was originally used for the synthesis of C60 fullerenes [1].
The first observed MWCNTs [3] and SWCNTs [4, 5] were also produced using this
method. The method is very similar to laser ablation, except that the graphite is
vaporized by a discharge between two carbon rods caused by a direct current of 50
to 100 A driven by approximately 20 V [42]. Again, if the target rod contains small
amounts of catalyst particles, SWCNTs can be grown.
• Chemical vapor deposition (CVD):
Chemical vapor deposition (CVD) relies on the decomposition of a gaseous hydrocar-
bon carbon source using heat or plasma and, in the case of SWCNTs, with the aid
of (molten) catalyst particles. The catalyst particles absorb the carbon, eventually
leading to an oversaturation of carbon in the particle. This leads to the formation of
carbon structures at the surface of the particle which tend to grow into tubes. In the
14 2 Carbon nanotubes
perfect case, one nanotube grows from one catalyst particle [43]. This allows spatial
positioning of a nanotube by arranging the catalyst particles in a controlled way, e.g.
using lithography techniques [44]. Furthermore, CVD allows the synthesis of vertically
aligned nanotubes [45–48] and of extraordinarily long nanotubes [49]. The method can
easily be upscaled for production of larger amounts of nanotube materials.
2.4.2 Determining the electronic and optical properties of SWCNT
There are several well-established methods available for the characterization of SWCNTs.
They can roughly be divided into methods probing the optical properties and methods
probing the electronic properties, both either on a bulk or local scale. The optical properties
are mainly determined by transitions between corresponding vHs. As the energy of these
transitions is inversely proportional to the SWCNT diameter, optical measurements provide
a direct access to the structural properties of the SWCNTs, or more precisely, the diameter
and diameter distribution. In optical absorption spectroscopy (OAS) strong absorptions can
be assigned to transitions between corresponding vHs and the width and energy position of
these absorptions allow the sample properties to be determined. The optical properties are
also probed in resonant Raman spectroscopy where the response is greatly enhanced if the
laser excitation energy matches a transition energy. By varying the resonance conditions
with different laser energies, transitions of all tubes present in the sample can be probed.
Since the radial breathing mode of SWCNTs is equally inversely proportional to the tube
diameter, the sample properties can be determined. Photoluminescence spectroscopy can
be applied to individualized semiconducting SWCNTs. The combinations of excitation and
fluorescence wavelengths can be assigned to particular chiralities of the semiconducting,
making this method likewise useful for the characterization of SWCNT samples.
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Figure 2.8: Schematic illustration of the
SWCNT band structure and the 1s and 2p
exciton states. The two-photon excitation
process is indicated by the two photons with
energy ~ω1. In the exciton picture the 1s
exciton state is forbidden upon two-photon
excitation. The 2p exciton states relax to
the 1s exciton state and decay under fluo-
rescence, i.e. the emission of a photon with
energy ~ω2
Nevertheless, in these optical methods, correlation effects – in particular excitonic effects
– have to be taken into account. In general, excitons are electron-hole pairs which form
correlated entities due to their mutual Coulomb interaction. The energy states of this quasi-
particle are situated in the gap of the semiconductor. In the case of a localized exciton, they
can be treated very similarly to the hydrogen atom since such a system can be regarded as a
localized hole with the electron in an orbital around this hole. The energy states thus result
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in close analogy to the Rydberg series with the exciton binding energies given with respect
to the corresponding electronic state. The excitonic state with the highest binding energy is
the 1s state, followed by the 2s singlet and the 2p triplet state [50]. This scheme is depicted
in Fig. 2.8 for the case of SWCNTs. It becomes clear that transitions involving exciton
states are lower than those between the actual bands. Although the existence of excitons in
SWCNTs was suspected for a long time [51], the experimental verification was only recently
carried out. The exciton binding energy in SWCNTs can directly be determined by two-
photon excitation spectroscopy [21]. Due to the electric-dipole selection rules one-photon
processes can only lead to an excitation into the 1s exciton state. For the excitation into the
2p state, the simultaneous absorption of two photons of energy ~ω1 is necessary. Such an
excitation is depicted in Fig. 2.8. The excited state created in this way now relaxes rapidly
into the 1s exciton state [52]. From there, fluorescence through a one-photon process takes
place where the photon has the energy ~ω2. The energy difference between the exciton 1s
and 2p states is now
E2p − E1s = 2 · ~ω1 − ~ω2 . (2.19)
The obtained value can now be used to calculate the exciton binding energy with respect
to the band edge. An exciton binding energy of 420 meV results for SWCNTs with 0.8 nm
diameter [21]. The exciton binding energy thus constitutes an important part of the gap
energy which in this case is 1.3 eV. For larger diameter nanotubes such as those used in
this thesis the exciton binding energy is lower, but with a binding energy of ≈ 240 meV far
from negligible [53,54]. It is a good estimate of the strength of other correlation effects such
as the electron-electron interaction. Although the excitonic effects themselves play only a
minor role in this thesis, they are a good measure for the energy scale of the electron-electron
interactions as is discussed below.
Direct probes of the band structure of bulk samples are provided by photoemission spec-
troscopy (PES), inverse photoemission spectroscopy (IPES), x-ray absorption spectroscopy
(XAS) and electron energy loss spectroscopy (EELS). But here, too, correlation effects
play an important role, since the final state is different from the ground state due to the
removal (PES, XAS, EELS) or addition (IPES) of an electron. Direct determination of
the transition energies between vHs with these techniques has proven rather difficult. In
photoemission-inverse photoemission experiments, one would have to identify the vHs in
valence and conduction band respectively. Whereas the vHs were already observed in PES
experiments [55], the resolution and signal of inverse photoemission are too low to also ob-
serve the vHs from the conduction band [56]. On a local scale, the electronic properties
can be probed by scanning tunneling spectroscopy (STS) or transport experiments. How-
ever, the accuracy of STS measurements on individual SWCNT suffers from charging and
screening effects from the conducting substrate. In order to interpret the results in the
tight-binding model, an unrealistic value for the transfer integral of γ0 = 2.5 eV has to be
used [57].
Notwithstanding the drawbacks due to correlation effects, all these optical and electronic
methods have proven to be very powerful in the investigation of SWCNTs and related
compounds and have led to a profound understanding of their properties. Furthermore, the
general trends can be understood within the tight-binding model and for larger tubes (≥
1.3 nm), where confinements in the TB model and due to correlations play a less important
role, quantitative information on the sample properties can also easily be obtained.
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2.5 Functionalization
Single-wall carbon nanotubes are the subject of intense research, not only because of their
peculiar structural and electronic properties, but also because of their application potential.
This potential is augmented by the fact that SWCNTs can be modified in a variety of
ways. One such possible functionalization is doping with electron acceptors or donors. This
technique allows the electronic structure to be changed by inducing a charge transfer to
or from the nanotube. A term used synonymously for this technique is intercalation, since
the doping in carbon nanostructures often takes place in certain lattice spaces, where it
“intercalates”. Another way of functionalizing nanotubes is by using the nanospace inside
the tubes as a container and fill the tubes. This has been performed with a variety of organic
molecules such as TCNQ or anthracene [58]. One of the most popular procedures is filling
with fullerenes, and particulary C60 molecules, to form so-called C60 peapods [59].
2.5.1 Intercalation
Doping of materials with either electron donors or electron acceptors is a widely used method
in solid state physics. Doping with electron donors is called n-type doping while the doping
with electron acceptors is called p-type doping. Surely the best-known example is doping of
semiconducting materials such as silicon, which allows the creation of p-n junctions needed
e.g. for transistors or diodes. It has also been studied extensively for graphite intercalation
compounds (GICs) [60] and fullerene intercalation compounds (FICs) [61]. The term“inter-
calation” stems from the fact that the doping atom is situated in preferential sites inside the
lattice of these compounds. In the studies of graphite and carbon nanostructures generally
the alkali metals from the first group of the periodic system such as lithium (Li), sodium
(Na), potassium (K), rubidium (Rb) and cesium (Cs) are used for n-type doping. P-type
doping can be achieved using e.g. iron-trichloride (FeCl3), bromine (Br2) or iodine (I2).
Structural effects of doping
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Figure 2.9: Simple model for an alkali
metal-intercalated (10,10) nanotube: (1)
Low doping: K ions are at the center of
the interstitial voids (grey ball). (2) Satura-
tion doping: three K per cavity are situated
at the extremities of the triangular cavities
(empty circles). The dashed line is the nano-
tube radius plus the van der Waals distance
(about 1.6 A˚). Figure adapted from [62].
In a macroscopic sample of SWCNTs, the tubes are arranged in a hexagonal lattice. The
tubes are only weakly bonded by van der Waals interaction. The lattice constant can be
determined by electron diffraction. In intercalated SWCNT bundles, this lattice constant
increases with the dopant concentration. This shows that the dopant resides in the triangular
channels between the tubes, the so-called interstitial sites [63]. Fig. 2.9 schematically depicts
the sites where the dopant resides and how a certain amount of doping atoms leads to the
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expansion of the lattice. In the case of potassium doping, the expansion can amount to up
to 10%. In addition, at least for C60 peapods, it has also been shown that the dopant can
move into the SWCNT cage if the tubes are opened by post-synthesis oxidation [64].
Rigid band shift model
In general, doping with electron donors or acceptors leads to a shift of the Fermi level.
In the case of SWCNTs, the band structure is only very weakly modified by doping [65]
and the current state of the electronic system is obtained by varying the Fermi level in the
band structure. Recent calculations within an extended tight-binding model predicted a
change in the SWCNT gap energy, i.e. the position of the vHs upon p-type doping [66].
The effect was estimated to amount to approximately 10 meV upon removal of 0.04 e−
per carbon atom. Whether the doping leads to an increase or decrease of the gap energy
depends on the chirality of the respective tubes. This would mean that a simple rigid band
shift model would no longer be applicable. However, the effect is small compared to the
shift of the Fermi level. Upon a charge transfer of 0.04 e− per carbon atom, corresponding
to a C/K = 25, the Fermi level shift usually approaches 1 eV for SWCNTs. The effect of
a band structure modification by doping can thus be considered negligible and the band
structure of the doped compound can be obtained by simply shifting the Fermi level in
the band structure of the pristine compound. This picture is called rigid band-shift model.
It has already been successfully used in the graphite intercalation compounds (GICs) [60].
Nevertheless, the model does not apply to all carbon nanostructures equally. In fullerene
intercalation compounds (FICs), such as intercalated C60, the so-called line phases exhibit
distinctly different electronic structures of the different doping phases [61].
Free charge carriers in doped SWCNT
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Figure 2.10: Square of the charge-
carrier plasmon energy of doped SWC-
NTs as a function of the dopant concen-
tration obtained by EELS. The dashed
line indicates the doping dependence
as it follows from the measured points.
The solid line describes the behavior as
it follows from the Drude model (see
Eq. (2.20)). The figure is taken from
[62]
The shift of the Fermi level leads to a loss of the optical transitions as can be moni-
tored by optical absorption and Raman spectroscopy where a filling or depletion of the vHs
between which the resonant optical transition takes place, leads to a resonance loss and
thus to a dramatic decrease of the response intensity [67]. EELS measurements revealed the
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emergence of a new feature in the loss function upon doping [68] which could not be ascribed
to interband transitions. It is assigned to a collective mode of the conduction electrons, the
so-called charge-carrier or Drude plasmon. The squared plasmon energy E2P depends on the
charge carrier density n and the effective mass m⋆ as
E2P =
~ne2
m⋆ε∞ε0
. (2.20)
ε∞ is the background dielectric constant. Fig. 2.10 shows the squared plasmon energy
position as a function of the dopant concentration. The plasmon energy also increases with
increasing doping, as it is expected for an increasing charge carrier density. However, the
plasmon energy cannot be extrapolated to zero as it would be expected from the model,
indicating that the effective mass m⋆ is also doping-dependent [62,68].
The plasmon observed here is an indication of free charge carriers. Since it does not
appear in the pristine state and at low doping steps, it could be an indication of a qualitative
change of the electronic properties upon doping. A further study of this crossover promises
to reveal interesting properties and will therefore be a subject of detailed investigation in
this thesis.
2.5.2 Structure and fabrication of C60 peapods
a)
b)
Figure 2.11: Left panel: Schematic illustration of a C60 fullerene molecule. Right panel:
a) Schematic illustration of C60 peapods: C60 molecules are situated inside a SWCNTs. b)
Transmission electron microscopy images of C60 peapods. The upper panel shows an overview of
bundles of C60 peapods, the lower panel shows an individual SWCNTs in which the C60 molecules
can clearly be identified. It is also shown that the filling ratio of this sample is very high.
C60 peapods are a compound formed by filling SWCNTs with C60 molecules. The
fullerene C60 is a molecule consisting of 60 carbon atoms which form a cage consisting
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of hexagons and pentagons (see left panel of Fig. 2.11) with a diameter of 0.7 A˚. Inside the
SWCNTs, C60 forms a one-dimensional chain as opposed to the fcc crystal structure of pure
solid C60 [69]. The right panel of Fig. 2.11 shows a computer-simulated image as well as
high-resolution transmission electron microscopy (TEM) images of C60 peapods. The term
peapods is clearly derived from the similarity to peas which grow in pods. X-ray and electron
diffraction showed that the distance between neighboring C60 molecules in optimally filled
C60 peapods is about 0.97 A˚ [70,71], which is slightly smaller than in the face-centered cubic
(fcc) C60 crystal [6] but much bigger than that in polymerized C60.
1.2 1.4 1.6
 
 
N
um
be
r o
f t
ub
es
Diameter (nm)
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and a standard deviation of the distribution
of Γd = 0.06 nm. The dashed vertical line
at 1.28 nm denotes the minimum diameter
where SWCNTs can be filled with C60. The
black lines thus represent tubes which have
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Obviously, SWCNTs with a diameter below a certain threshold diameter cannot be filled
with C60 since there is not enough space inside the tube. Simple geometric considerations
about the van der Waals interaction between fullerenes and C60 suggest that the minimum
diameter for C60 encapsulation is 1.29 nm and the optimum diameter for filling is 1.36 nm.
Theory also predicts that the C60 encapsulation is exothermic above a SWCNT diameter
of 1.28 A˚ [72], below this diameter it is no longer energetically favored. As a consequence,
not all tubes in a macroscopic sample of SWCNTs can be filled with C60 even if their mean
diameter is above the filling threshold. Due to the finite distribution width, a number of
tubes is too small to be filled. Fig. 2.12 illustrates this fact on the basis of the sample
parameters of the SWCNTs used in this work. Approximately 85 % of all tubes can the-
oretically encapsulate C60 molecules in our case. The filling ratio can be obtained using
EELS by comparing the spectra of unfilled SWCNTs with those of the peapods [73]. Here
it was shown that these maximum filling ratios can indeed be reached i.e., that those tubes
which can accommodate C60 can be filled such that their filling ratio is very close to 100%.
There are a variety of ways to fill SWCNTs with C60 molecules. Usually the SWCNT
buckypaper is sealed and then heated in a quartz ampoule together with fullerene powder
[74]. Another method is low temperature filling from C60 in a solvent [75]. In this thesis,
the C60 was evaporated directly on a SWCNT film in UHV as will be described below in
detail. This method allows the fabrication of C60 peapod samples under UHV conditions
and produces clean samples with a very high filling ratio .
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2.5.3 Electronic structure of C60 peapods
The electronic structures of both C60 fullerenes and SWCNTs have been a subject of intense
studies over the recent years and are reasonably well understood. However, uncertainties
remain regarding their combination and interplay upon the formation of C60 peapods. In
particular the adjustment of the Fermi level will be important. This plays an important role
even when only regarding a mixture of metallic and semiconducting SWCNTs. With the
addition of C60– which is semiconducting in the isolated form – the situation becomes more
complex. Concerning the TLL behavior, the doping role of the lowest unoccupied molecular
orbital has to be considered carefully. Below, theoretical and experimental results on the
electronic structure of C60 peapods are discussed in order to reach a starting point for the
discussion of the photoemission experiments.
The electronic structure of the C60 fullerene
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Figure 2.13: Valence band and conduction band spectra of C60 taken by PES and inverse PES
respectively. The molecular orbitals are labelled according to their symmetry. The spectra are
taken from Ref. [76] (PES) and Ref. [77] (IPES).
C60 is a semiconducting material. Its electronic structure is given by molecular or-
bitals [78], where the two highest occupied molecular orbitals – labelled according to their
symmetry2 – are the hu and hg+gg bands. The orbitals closest to the Fermi level are the
occupied hu band and the unoccupied t1u band. They form a gap width a width of 3.5 eV
(maximum-maximum) [77, 79]. Photoemission experiments reveal a binding energy of the
occupied hu band of 2.3 eV. Its bandwidth was found to be approximately 0.4 eV [80] as it
was suggested by theory [81]. Fig. 2.13 shows a photoemission spectrum of solid C60 taken
2In the literature they are often referred to as HOMO (highest occupied molecular orbital) and HOMO-
1,2. In this notation, the lowest unoccupied molecular orbital, which has t1u symmetry, is called LUMO. In
this thesis, the molecular orbitals will be labelled according to their symmetry notation.
2.5 Functionalization 21
from Ref. [76]. In accordance with the other studies mentioned above, the hu and hg+gg
bands are found at 2.3 and 3.7 eV binding energy respectively. This figure also shows the un-
occupied molecular orbitals as obtained from inverse PES. Inverse PES measurements yield
an onset of the t1u band between 0.2 eV [77] and 0.8 eV [82] above the chemical potential.
The electronic structure of C60 peapods
One important question concerning the electronic properties is how the electronic states
of C60 and the encapsulating tubes interact and whether they hybridize. From scanning
tunneling spectroscopy experiments it was concluded that the π states of the two constituents
strongly hybridize [83]. However, this was not supported by theoretical calculations, where a
significant interaction between the C60 filling and the tube walls was only predicted for cases
with a small diameter difference between filling and tube, i.e. in a case where C60 usually
does not enter a tube at all [72, 84, 85]. EELS measurements revealed that the electronic
and optical properties of C60 inside SWCNTs are very close to those of solid C60, leading to
the conclusion that the states only weakly hybridize [71].
The position of the lowest unoccupied molecular orbital, the t1u band, is crucial for
the analysis of doping experiments. LDA calculations for metallic [72] and zigzag [86]
predict a downshift of the C60 bands due to hybridization with so-called nearly-free electron
states [87]. For the example of a metallic (10,10) tubes the t1u band was found to cross
the Fermi level, leading to the prediction of multicarrier states where four bands cross the
Fermi level, two from the SWCNT host and two from the C60. In the case of semiconducting
tubes, the t1u band was always pinned at the Fermi level for sufficiently large host tubes.
Similar results were found in DFT calculations [85]. In metallic host tubes, the t1u band
was always found close to the Fermi level and between 0.2 and 0.4 eV above the Fermi level
in semiconducting host tubes. However, one important difference remained compared to the
LDA calculations: The t1u band always remained above the Fermi level and never crossed it.
This was supported by Raman spectroscopy where it was reported that the t1u level of C60
in C60 peapods does not lie close to the Fermi level. Also scanning tunneling spectroscopy
experiments on C60 peapods [83] revealed characteristics in the spectrum originating from
the C60 filling in the conduction band but not in the valence band. Kane et al. used a
tight-binding approach in order to explain these results [88]. The gap, i.e. the distance
between the t1u and the hu band, was retained in their simulation and the C60 bands were
shifted rigidly through the SWCNT band structure in order to account for the experimental
spectra. A good agreement was reached with the t1u band more than 1 eV above the Fermi
level, i.e. in total contradiction to the two previously discussed calculations.
Also in C60 peapods, doping with electron acceptors or donors can be carried out. Raman
measurements on potassium-intercalated C60 peapods revealed that, in addition to a charge
transfer to the SWCNT pods, the C60 peas are also charged up to C60
−6 and form a metallic
one-dimensional polymer at high doping levels [89]. In contrast to fullerene intercalation
compounds with its line phases, a continuous charge transfer to the SWCNTs and the C60
peas as a function of dopant concentration is observed at intermediate doping levels, [90].
The photoemission experiments carried out in Chapter 7 provide an ideal tool to resolve
questions concerning the adjustment of the chemical potential and hybridization and will
provide an insight into the combined valence band structure of this hybrid compound in the
pristine state and upon doping.
3 Experimental methods
Solid-state spectroscopy covers a wide range of techniques and processes owing to the
large amount of probe particles available. Photons, electrons, neutrons, positrons, muons
as well as neutral and charged atoms can all be used as probes with applications depending
on the respective properties of the particle [91]. Most of these particles can also be used in
a wide energy range. For instance electromagnetic radiation covers an energy scale between
radio frequencies up to γ radiation.
The spectroscopic methods used in the context of this work are among those which
are characterized as high-energy spectroscopy. This term is loosely used for spectroscopy
with particles at or above the energy of ultraviolet light (≈ 20 eV) and includes methods
such as photoemission spectroscopy, x-ray absorption spectroscopy and electron energy loss
spectroscopy. These methods have proven to be extremely useful in a variety of scientific
fields but are not very commonly used in the nanotube community, partly because of their
high sample quality requirements. The exception is EELS, which contributed significantly
to the investigation of structural and electronic properties of pristine and doped SWC-
NTs and peapods [92–94]. Instead, optical methods such as Raman spectroscopy, optical
absorption spectroscopy and photoluminescence spectroscopy dominate carbon nanotube
spectroscopy. Their usefulness originates from the close correspondence between the nano-
tube structure and its electronic properties, in particular their diameter-dependent electronic
structure, best expressed in the diameter-dependent gap width between corresponding van
Hove-singularities. However, all these methods have drawbacks, e.g. photoluminescence can
only be carried out on isolated semiconducting SWCNTs and Raman spectroscopy requires
a wide range of laser energies due to the narrow resonance window. It should not be omitted
that other characterization methods such as high-resolution TEM and transport measure-
ments play an important role in the nanotube field, the latter especially since individual
nanotubes were successfully contacted with electrodes [9]. Some of these transport results
will be discussed later.
Recently, the fabrication of high-quality samples allowed the application of well-established
high-resolution PES techniques to SWCNTs, resolving the SWCNT fine structure as well as
the electron-electron interaction-induced renormalization of the spectral weight at the chem-
ical potential [55]. These advances motivate a further use of photoemission spectroscopy in
association with carbon nanotubes. In this chapter, the two high-energy spectroscopy meth-
ods used in this thesis – photoemission and x-ray absorption spectroscopy – are introduced
on a theoretical and experimental level. They are both based on the interaction of light
with the material and imply the emission of electrons. The characteristics of the emitted
electrons are ultimately the measure of the sample properties.
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3.1 Interaction between light and solid
The basic principle of all spectroscopic methods used for this work is the interaction of
solids with light, or more precisely, the interaction of an incoming photon with an electron
or phonon in the solid. The different techniques are characterized by the respective process
of interaction which can be either elastic or inelastic. Elastic scattering of a photon can
excite an electron into the vacuum - the process used for photoemission spectroscopy (PES)
- or into unoccupied states - the process used for x-ray absorption spectroscopy (XAS). In
both cases, the process starts with the excitation of an electron by a photon emitted from
an external light source. In the approximation of first order perturbation theory, i.e. if
the perturbation of the system caused by the electromagnetic field of the incoming light is
small, this process can be described by Fermi’s golden rule as a transition of an electron
with transition probability Wfi between the N -particle ground state Ψ
N
i and the N -particle
final state ΨNf :
Wfi ∼ 2π
~
| 〈ΨNf | H int | ΨNi 〉 |2 ·δ(ENf − ENi − ~ω) (3.1)
The δ-function signifies energy conservation with the initial and final state energies of
the system ENi and E
N
f . The probability of a transition between given initial and final states
is thus determined by the interaction-Hamiltonian Hint, the so-called matrix element. The
Hamiltonian of the system in presence of an electromagnetic field can be written as
H =
1
2m
(
~p+ e ~A(~r, t)
)2
+ V (~r) (3.2)
=
1
2m
(
~p2 + e~p ~A(~r, t) + e ~A(~r, t)~p+ e2 ~A2(~r, t)
)
+ V (~r) , (3.3)
where ~A(~r, t) is the vector potential. With the Hamiltonian of an unperturbed electron
H0 = p
2/2m+ V (~r), the Hamiltonian can be written as
H = H0 +Hint (3.4)
with
Hint =
e
2m
(
~p ~A(~r, t) + ~A(~r, t)~p+ e2 ~A2(~r, t)
)
. (3.5)
The term quadratic in the vectorpotential can be neglected if the perturbation is small.
Furthermore the dipole approximation can be used. It is assumed that the distance over
which the electromagnetic field varies is large compared to the excited volume. In this case
~p ~A ∼ ∂
∂~r
~A ≈ 0 , (3.6)
so that Hint simplifies to
Hint ∼ ~A · ~p ∼ ~e · ~r , (3.7)
where ~e is the unit vector along the polarization direction. The resulting transition proba-
bility is therefore
Wfi ∼ 2π
~
| 〈ΨNf |~e · ~r | ΨNi 〉 |2 ·δ(ENf − ENi − ~ω) . (3.8)
The key difference between photoemission and x-ray absorption spectroscopy is in the final
state. In PES, the final state is situated above the vacuum level and the electron has the
parabolic free-electron dispersion, while in XAS, the final state is a conduction band state
with the dispersion given by the actual band structure.
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3.2 Photoemission spectroscopy
3.2.1 Theoretical description
Basic principle
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Figure 3.1: Schematic representation
of the photoemission process. Left: Ex-
citation of an electron into vacuum.
Right: Energy scheme.
Photoemission spectroscopy (PES) is based on the photoelectric effect discovered by
Hertz in 1887 [95] and explained by Einstein in 1905 [96]. When a photon impinges a
solid it can transfer its energy ~ω to an electron in the solid. If the energy of the incoming
photon is high enough, the electron leaves the solid. Such an electron is called photoelectron.
Fig. 3.1 illustrates this effect. The important attribute of this process is that the kinetic
energy of the escaping electron only depends on its binding energy EB in the sample. The
resulting kinetic energy Ekin is
Ekin = ~ω − EB − Φ, (3.9)
where ~ω is the energy of the incoming photon and Φ is the work function, i.e. the difference
between the Fermi energy and the vacuum level. In a real photoemission experiment the
electron has to enter an analyzer where its kinetic energy is measured. Therefore it has to
overcome a contact potential Φsp − Φ, where Φsp is the work function of the analyzer as
is depicted on the right hand side of Fig. 3.1. If one subtracts Φsp − Φ from Eq. 3.9 the
formula remains the same but with Φsp in the place of Φ.
The system is excited with monochromatic light so that the photon energy ~ω is known.
The work function Φ can be determined by measuring the Fermi edge of a metal. Thus,
with ~ω and Φ known, the kinetic energy of the photoelectron depends solely on its binding
energy in the sample and the binding energy can easily be obtained by applying equation 3.9.
Simply speaking, the distribution of kinetic energies of the electrons which leave the sample
corresponds directly to the electronic density of states in the sample. This is illustrated in
Fig. 3.2. The actual response is also weighted with the transition probabilities as will be
explained below.
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Figure 3.2: Illustration of how the electronic density of states in the sample is projected on the
kinetic energy distribution of the photoelectrons. Electrons in the occupied states (shaded area)
become detectable if they are excited above the vacuum level with electrons at energy ~ω.
Three-step model
The three-step model is commonly used to describe the photoemission process [97]. The
model is purely phenomenological but has nonetheless proven successful. The model divides
the complicated photoemission process into three steps each, of which can be treated indi-
vidually:
1.) Optical excitation
A bound electron absorbs a photon and is optically excited from an occupied state into an
unoccupied state above the Fermi level. This process happens either without momentum
transfer or with a momentum transfer equal to a reciprocal lattice vector which is represented
by a vertical transition in the reduced zone scheme of the band structure. The momentum
of the photon is neglected here. For instance, the momentum transfer for a photon with
the energy ~ω = 20 eV, is 0.01 A˚−1, which is small compared to the first Brillouin zone of
SWCNTs. This step contains all information about the intrinsic electronic structure of the
material.
2.) Travel to the surface
After being excited into an unoccupied state above the Fermi level the electron has to travel
to the sample surface. While travelling it can undergo scattering processes, mainly with
other electrons or phonons. The number of scattering events which occur before the surface
is reached is determined by the distance to the surface and the mean free path. The mean
free path of electrons is very small, only a few A˚ for electrons with kinetic energies in
the range of interest, i.e. between about 10 and 1500 eV. Thus only electrons which come
from within a few A˚ of the surface can leave the sample without additional scattering.
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The electrons which undergo scattering processes either do not leave the sample at all or
contribute to the background. Only in a few cases can additional information be obtained
from such electrons. The so-called satellites which can be observed in XPS are one example.
They are related to energy losses of electrons upon leaving the sample, eg. through the
excitation of a plasmon. Such effects in the photoemission spectrum of the C1s core level of
SWCNTs are discussed below.
2.) Escape of the electron into vacuum
Finally the electrons have to overcome the potential barrier at the surface manifested by
the work function. They can leave the sample if their momentum perpendicular to the
surface is large enough, otherwise they are reflected back into the sample. Outside the
sample the electron energy dispersion is that of a free electron and is given by the parabola
E = p2/2m. Equation 3.9 represents the energy conservation law of the photoemission
process. But naturally momentum conservation also applies to the photoemission process.
Due to the potential barrier, the momentum perpendicular to the surface is not conserved
while the momentum parallel to the sample surface is conserved. This fact is used in angle-
resolved photoemission spectroscopy (ARPES), where not only the kinetic energy but also
its emission angle to the surface, i.e. its momentum, is measured. In principle, it is possible
to obtain the complete band structure of the occupied states with ARPES and the method is
widely used e.g. in the investigation of the electronic structure of high-TC superconductors
with their two-dimensional structure. For such structures, the momentum parallel to the
surface corresponds to the wavenumber of the initial state k‖ of the electron:
k‖ =
1
~
p‖ =
√
2meEkin
~2
· sin θ (3.10)
Although the instrumentation used in this work would allow such investigations, ARPES
cannot be applied to carbon nanotubes as to date macroscopic samples of the purity required
always consist of randomly oriented tubes rendering a direction-dependent investigation im-
possible. However, new developments in nanotube fabrication by CVD led to the successful
growth of macroscopically aligned SWCNTs. Growth of such samples with high purity and
a narrow diameter distribution could make angle-resolved PES on SWCNTs possible.
Theoretical description
It was shown above that under certain approximations the transition probability between
an N -particle initial state and an N -particle final state is given by Fermi’s golden rule and
an interaction Hamiltonian Hint ∼ ~e · ~r (see Eq. (3.8)). In photoemission spectroscopy, the
initial and final state are given by ENi = E
N−1
i + EB and E
N
f = E
N−1
f + Ekin respectively.
The quantity accessible in PES experiments is the photoemission intensity I(~k,Ekin), which
is proportional to the sum of all possible combinations of initial and final states:
I(~k,Ekin) ∼
∑
i,f
2π
~
| 〈ΨNf | H int | ΨNi 〉 |2 ·δ(ENf − ENi − ~ω) . (3.11)
If one assumes that the photoelectron leaves the sample quickly enough to avoid post-
collisional interaction with the system left behind (sudden approximation), the N -particle
final state can be factorized into
ΨNf = AΦ
k
fΨ
N−1
f , (3.12)
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where A is the antisymmetric operator which assures the fermionic character of ΨNf . Φ
k
f is
the wavefunction of the photoelectron Φkf . If one further assumes that Ψ
N
i is a single Slater
determinant, the initial state can equally be factorized into a product of a one-electron
orbital Φki and the remaining N − 1-particle system ΨN−1f , again using the antisymmetric
operator A:
ΨNi = AΦ
k
iΨ
N−1
i . (3.13)
This factorization transforms Eq. (3.11) to
I(~k,Ekin) ∼
∑
i,f
|Mki,f |2
∑
m
|〈ΨN−1f,m | ΨN−1i 〉|2 · δ(ENf − ENi − ~ω) , (3.14)
where |Mki,f | ≡ |〈Φkf |Hint|Φki 〉 are the one-electron dipole matrix elements. The second sum
runs over all m final eigenstates of the (N − 1) final state. It can be shown that this is
equivalent to [98]
I(~k,Ekin) ∼
∑
i,f
|Mki,f |2A(~k,E) f(E) , (3.15)
with E = EB = ~ω − Ekin − Φ, the spectral function A(~k,E) and the Fermi function
f(E). The spectral function contains the desired information on the electron system. The
photoemission response is thus the matrix element-weighted density of states of the system.
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Figure 3.3: Schematic representation
of the KVV Auger process. First, an
incident photon creates a hole in the
K shell (i.e. a 1s state). In a second
step this core hole is filled by an elec-
tron from the valence band (V) thereby
reducing its potential energy. This ex-
cess energy is transferred to a second
electron in the valence band causing it
to leave the sample.
Apart from the photoelectrons, incident light can cause electrons to leave the sample
by means of the Auger process. In this process, the incoming light creates a core hole
which is subsequently filled by an electron from higher states such as the valence band.
The excess energy is transferred to a second electron in a state close to that of the electron
filling the core hole, causing the second electron to leave the sample. The kinetic energy
of the emitted electron does not depend on the energy of the incident light but only on
the level configuration of the Auger process. This means that electrons e.g. from a KVV
Auger process (a hole in the 1s state (K) is filled with an electron from the valence band (V)
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Light source Energy
XPS:
Al Kα X-ray anode 1486.6 eV
Mg Kα X-ray anode 1253.6 eV
UPS:
Helium discharge lamp (He I) 21.22 eV
Helium discharge lamp (He II) 40.8 eV
Synchrotron radiation few eV - few keV
BESSY UE52-PGM 90- 900 eV
Table 3.1: Light sources typically used for photoemission spectroscopy.
leading to the emission of a second electron from the valence band (V)) always have the same
kinetic energy regardless of the incoming light, provided that the light has enough energy
to create the core hole. The Auger process is also a relaxation process of the excited state
in the conduction band created by the incoming photon in x-ray absorption spectroscopy
(see below).
3.2.2 Instrumentation and experimental setup
There are three experimental requirements crucial for a successful photoemission experiment:
• A monochromatic light source with high intensity and – if only small samples are
available – a small spot size.
• An electron energy analyzer with the highest possible energy resolution.
• An ultra-high vacuum (UHV) set-up due to the surface sensitivity of the method.
In addition, if angle-resolved measurements are desired, good control of electron emission
angles, i.e. a sample holder (manipulator) which can accurately be moved in as many degrees
of freedom as possible, is needed. These requirements can be met, although at times only
with considerable effort and will be discussed below. An illustration of the experimental
setup is given in Fig. 3.4.
Light sources: XPS and UPS
Photoemission spectroscopy is further classified according to the excitation energy, i.e. the
energy of the incoming light. As demonstrated by the above theoretical description of
the process, monochromatic light is needed for PES. In x-ray photoemission spectroscopy
(XPS), radiation with photon energies of several hundred eV is used. Most often, an x-ray
anode is used for its generation. Here, electrons are accelerated at high voltage onto a
metallic anode where the electrons ionize core levels which are filled with electrons emitting
the characteristic x-ray radiation in the process. The most common anode materials are
aluminum and magnesium, where in both cases the Kα emission is the strongest. The
respective values of the photon energy are given in Tab. 3.2.2. Its high photon energy makes
XPS suitable for core level investigations. The core level binding energies are element-specific
which means that XPS is well suited for determining the sample composition. Furthermore,
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the exact binding energy depends on the binding configuration of the respective atom.
Chemical shifts of the core states with respect to their position in the pure (crystalline)
material occur if the atom is for example situated in a molecule. The actual amount of the
chemical shift depends on the bonding to the neighboring atoms, thus making XPS useful
for the investigation of molecules by resolving the bonding configuration.
In addition, some information can be obtained from an analysis of the line shapes of the
core level and Auger response as will be discussed in the following chapter on the electronic
properties of pristine SWCNTs. In the present experiments, Al Kα radiation (~ω = 1486.6
eV) was used. It was also monochromatized using a quartz crystal monochromator, which
reduces the x-ray bandwidth to 0.4 eV. Nevertheless this leads to a resolution which is too low
for a detailed valence band investigation. Since also the cross section with the low binding
energy valence band states is rather low, ultraviolet photoemission spectroscopy (UPS) is
better suited for high-resolution valence band investigations. Here, the light is produced by
a helium discharge lamp. The photons are generated by transitions in the electron cloud
of excited helium atoms (ions). Excitation and ionization are caused by the impact of
highly energetic electrons. Depending on the helium pressure inside the discharge lamp, the
spectrum is dominated by He 2p→ He 1s-transitions (~ω=21.22 eV) or He+2p→ He+1s-
transitions (~ω=40.8 eV). The desired energy is chosen by rotating a plane-grating mirror
in front of the lamp. The bandwidth of the monochromatized light from the He discharge
lamp is less than 1 meV at 21.22 eV excitation energy.
Synchrotron facilities can produce light over a wide energy range, from the soft x-ray
range of several hundred eV down to light with only a few eV. It can thus be used for both
core level and valence band investigations. It also has a high intensity, a small spot size
and can be generated with all kinds of polarizations with nearly continuous variation of the
photon energy. A description of how synchrotron radiation is generated is given below in
the chapter on x-ray absorption spectroscopy.
Analyzer and detector
There are various methods for determining an electron’s kinetic energy [99] e.g. by using
resonances in a scattering process or the time-of-flight method. The deceleration of the
particles by a retarding field or the change of the orbit of a particle by an electric or mag-
netic field is better suited for PES. All modern electron energy analyzers rely on the latter
principle. Such analyzers are most often constructed from two cylinders or hemispheres with
different radii which are arranged as capacitors. A hemispherical analyzer is schematically
depicted in Fig. 3.4: The electron enters the analyzer through an entrance slit and if a
potential difference ∆V is then applied between the two components, only electrons with
a certain range of energies can pass through the capacitor. These are the electrons whose
curve radius at this certain voltage matches the radius of the analyzer. By changing the
voltage between the analyzer walls, the kinetic energy of the electrons which can pass the
analyzer can be varied. The electrons are detected via the photocurrent or by their impact
on a micro-channel plate (MCP) detector.
The Gammadata Scienta SES 200 analyzer used in the PES experiments presented in
this thesis is a hemispherical deflection analyzer specifically designed for angle-resolved PES.
It provides an energy resolution of better than 10meV in the UPS regime. The electrons are
detected with an MCP detector consisting of an array of micrometer-wide miniature electron
multiplier channels which register the spatial distribution of the incoming electrons. This
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Figure 3.4: Illustration of the experimental setup. The sample is kept in ultra-high vacuum
(UHV) and irradiated with high-energy photons from an x-ray source or low energy photons from
a helium discharge lamp. The photoelectrons are emitted under a polar angle φ and an azimuthal
angle θ and enter the analyzer through the entry slit. As a result of the voltage applied between
the two analyzer spheres, the electrons describe a curve. Electrons with a certain energy which
depends on the voltage between the spheres can pass the analyzer and are detected with a CCD
camera.
setup not only allows the measurement of the kinetic energy of the photoelectrons but
also their emission angle (angular mode) or their emission location (transmission mode)
respectively. Using the latter mode guarantees that no signal from the sample holder or
the Tantalum clamps is registered if the light spot and the region from which electrons are
detected is bigger than the sample. The sample borders can be identified on the CCD image
of the MCP and can be excluded from the measurements by either better adjusting the
sample or simply excluding the region from the measurements.
Surface sensitivity and UHV system
As discussed above, the mean free path of electrons with kinetic energies typical for pho-
toemission is only a few A˚. Not only does this make PES very surface sensitive concerning
the sample, it also means that PES is very sensitive to contaminations of the surface. Such
contaminations can also come from atoms and molecules in the air. Therefore PES exper-
iments have to be carried out in vacuum. Given that the sample is clean when transferred
into vacuum, the time t in seconds in which one monolayer is deposited on a given surface
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area at a pressure p in mbar and a sticking coefficient 0 ≤ S ≤ 1, is given by [100]:
t =
3.8 · 10−6
p · S mbar s . (3.16)
Assuming a sticking coefficient S = 1 and a pressure p = 10−6 mbar, one monolayer is
deposited on the surface within 4 seconds. For the experiments a much longer time frame is
required. Thus ultra-high vacuum, with pressures in the range of 1 · 10−10 mbar is needed.
The UHV system used allows convenient introduction of the sample through a fast-entry
lock. The sample can then be transferred in UHV into a manipulator in a preparation cham-
ber where the sample can be heated and into the manipulator used for the measurement.
Sample handling and manipulator
The sample is kept in UHV for the duration of the experiment, including the intercalation
steps. The system used in the IFW allows convenient introduction of the sample into UHV
through a fast-entry lock. The sample can then be transferred into a preparation chamber
under UHV conditions where it can be heated up to 500◦ C. Heating is necessary to remove
contaminations from the sample. The preparation chamber can also be used to evaporate
C60 on the sample.
For the photoemission experiments, the sample is transferred into the manipulator situ-
ated in the measurement chamber. This purpose-built manipulator is specifically designed
for angle-resolved photoemission. It has six degrees of freedom (xyz movement as well as po-
lar, azimuthal and tilt rotation). However, all experiments in this thesis are angle-integrated
with the electron emission angle normal to the sample surface. Furthermore, the manipula-
tor is equipped with a He flow cryostat allowing the sample to be cooled down to 35 K, the
temperature at which the PES experiments in this thesis were carried out.
Determination of the work function
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Figure 3.5: UPS spectrum (~ω =
21.21 eV) of the Fermi edge of Tan-
talum at T = 35 K (squares) and its
fit to a Fermi function including resolu-
tion and temperature broadening (solid
line).
In Eq. (3.9), all contributions are determined by the energies of the participating parti-
cles with the exception of the work function Φ. Φ has to be determined in the experiment.
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This can be achieved by measuring the kinetic energy of electrons with zero binding energy,
i.e. those at the Fermi level of a metal. Fig. 3.5 depicts such a spectrum for Tantalum
at T = 35 K. The Fermi edge can be identified. In order to obtain the Fermi level value,
the spectrum was fitted with a Fermi function convoluted with a Gaussian for the finite
resolution. The parameters for this fit were the kinetic energy of the Fermi level and the
resolution broadening while the broadening of the Fermi function due to finite temperature
was fixed with the corresponding value. The resulting resolution is 0.011 eV and the Fermi
level was found at 17.09 eV. Incorporating the excitation energy of ~ω = 21.21 eV, the work
function results as Φ = 4.12 eV. Using this value, all spectra obtained in the following chap-
ters can be transferred accurately from the kinetic energy representation into the binding
energy scheme. In addition it was verified that a very high resolution can be achieved in
UPS.
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Figure 3.6: Schematic representation
of the x-ray absorption process. An
electron is excited from the core level
into an occupied state in the conduction
band if the energy of the incoming pho-
ton matches the energy difference be-
tween these two states. In the case of
carbon, the core hole is predominantly
filled via an Auger process which leads
to the emission of an electron.
Basic principle
By means of x-ray absorption spectroscopy the matrix element-weighted unoccupied density
of states can be probed. Monochromatic light impinges on a sample and excites electrons
from the core states into unoccupied states in the conduction band as shown on the left
hand side of Fig. 3.3. Absorption takes place when the photon energy matches the energy
difference between core state and conduction band. XAS thus measures the convolution
of the density of states of the core level with the unoccupied states weighted with the
dipole operator under observance of the dipole selection rules (∆l = ±1 with the angular
momentum number l) . If the core hole state can be modelled by a δ-function, XAS directly
probes the conduction band. However, the final state is strongly influenced by the core hole,
leading to a deviation from the ground state conduction band as will be discussed based on
the respective spectra.
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The absorption process itself is indirectly measured via the decay of the excitation,
i.e. via the process which leads to a filling of the core hole created by the incoming light.
There are two possible processes involved: First, the excited electron can fall back into its
original state in the core level, emitting a photon in the process. These photons are detected
in fluorescence spectroscopy. Second, the core hole can be filled by an Auger process (see
above) which causes the emission of an electron as depicted on the right hand side of Fig. 3.3.
In this thesis, the latter process, which is also the dominant process in lighter elements like
carbon, is used. The number of electrons emitted corresponds to the degree of absorption of
the incoming light. It can be measured by either measuring the current which flows from the
ground to the sample in order to compensate for the electrons which have left the sample
(total electron yield, TEY) or by directly detecting the electrons emitted from the sample
using a partial yield detector (PYD), which allows the application of a retarding potential
to filter out the background from secondary electrons.
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Figure 3.7: Schematic representation of the synchrotron light emission principle. Left panel:
Emission from electrons on a circular trajectory caused by a magnetic field. Right panel: Emis-
sion caused by an undulator consisting of permanent magnets of alternating polarization.
Synchrotron radiation
The absorption spectrum is acquired by probing the absorption over a certain range of
excitation energies. XAS experiments thus require light sources which are continuously
tunable in the required energy range. Such light is produced by synchrotrons. Synchrotron
radiation is the electric field emitted from charged particles (e.g. electrons), which travel
at relativistic speeds in circular accelerators (see left panel of Fig. 3.7). The light beam is
emitted in the direction tangential to the electron path.
Only in the first and second generation was this light actually used for experiments.
Synchrotron radiation of the third generation is generated by undulators. The right panel
of Fig. 3.7 shows that undulators consist of two sets of permanent magnets, each with alter-
nating directions of the magnetization. The electrons which fly through such an undulator
encounter a spatially periodic magnetic field which causes them to “wiggle” perpendicular
to their moving direction and in this process leading to the emission of light in the direction
tangential to the accelerator ring. The wavelength and polarization of the emitted light can
be adjusted by changing the vertical gap between the sets of magnets and by shifting the
magnets in the horizontal direction.
The emitted light requires monochromatization which is done by a plane grating mono-
chromator (PGM). The energy of the reflected light can be set according to Bragg’s law by
rotating the grating. Synchrotron radiation has significant advantages compared to conven-
tional laboratory light sources. The emitted light has a much higher brilliance and photon
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flux, and most importantly, the photon energy can be tuned over a wide range of energies
with any polarization. The XAS experiments presented in this work were performed at
the UE-52 PGM beamline at BESSY II. The specifications for this beamline are given in
Tab. 3.2.
Beamline Monochromator Energy range Resolving power Polarization Spot size
∆E/E
UE52-PGM Plane grating 90 - 900 eV > 1 · 104 circular or < 1mm2
mirror linear
Table 3.2: Specifications of the UE52-PGM beamline at BESSY.
3.4 Sample preparation and characterization
The samples investigated in this work were produced and purified by H. Kataura using the
laser vaporization method and a NiCo catalyst. This method allows the SWCNT mean
diameter to be controlled to a certain extent by varying the furnace temperature. Samples
with a narrow diameter distribution are usually obtained [33].
Figure 3.8: High-resolution TEM micrographs of the SWCNT samples provided by H. Kataura.
Left panel: Random arrangement of SWCNT bundles. Right panel: A SWCNT bundle. Figures
from [55].
Sample characterization
Before the SWCNTs are prepared for the photoemission experiments, their structural prop-
erties have to be determined. An apparent way to investigate SWCNT samples is high-
resolution transmission electron microscopy (TEM), which provides atomical resolution.
Nanotubes were indeed discovered by electron microscopy [3]. Fig. 3.8 shows two TEM
micrographs. The left panel shows a SWCNT sample at a scale of tens of nanometers. Indi-
vidual tubes can be observed and it becomes apparent that they are arranged in bundles. In
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these bundles the tubes are held together by van der Waals interactions. In the right panel
of Fig. 3.8 this becomes even clearer. The bundles have a hexagonal structure perpendicu-
lar to the tube axis. This has been verified by diffraction experiments [41]. However it is
very difficult and time-consuming to obtain macroscopic properties of the nanotube sample
such as purity, mean diameter and diameter distribution width from electron microscopy
since only small sections of the sample can be analyzed and a large number of tubes has to
investigated for statistically reliable information.
Figure 3.9: Left panel: Density of states of a semiconducting (upper) and metallic (lower)
tube. The arrows between the van-Hove singularities in valence and conduction bands indicate
the transitions which lead to strong absorption and are labelled correspondingly. Right panel:
Measured optical absorption of a SWCNT sample with an already subtracted background. The
solid line is the measured curve, the dashed lines are theoretical simulations of the respective
peaks based on a tight-binding model. The inset shows the spectrum as-measured, i.e. without
background subtraction [62].
An easier way to characterize a SWCNT sample in terms of mean diameter and diame-
ter distribution is optical absorption spectroscopy (OAS). In this method, the wavelength-
dependent absorption of a thin SWCNT film is measured. The absorption is dominated by
the transitions between two corresponding van-Hove singularities in the valence and con-
duction band as shown in the left panel of Fig. 3.9. The inset in the right panel of Fig. 3.9
shows a typical absorption spectrum of a sample very similar to those used in this work.
Three peaks originating from absorption between the vHs can easily be identified.
Quantitative information on the sample can be obtained if the background is subtracted
(right panel of Fig. 3.9). The gap energy, i.e. the distance between the corresponding vHs
in the valence and conduction band, is inversly proportional to the tube diameter as
ESii =
2ia0γ0
d
and EMii =
6ia0γ0
d
. (3.17)
Assuming realistic experimental conditions and a Gaussian diameter distribution, the
absorption profile of a bulk SWCNT sample can be expressed as
I(E) = f
∑
n,m
exp[
−(dn,m − d¯)2
2(∆d)2
]
w
(E − Eii)2 + (w/2)2 , (3.18)
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where f is an arbitrary scaling factor and w (Approx. 40 meV) describes the broadening
of each single transition due to finite lifetime of the interband transitions and the finite
resolution of the spectrometer [62]. The Eii are the energy separation between corresponding
vHs of tubes with the diameter dn,m. The absorption spectrum (with background subtracted)
can now simply be fitted using the mean diameter d¯ and the distribution width ∆d as
parameters. The dashed line in the right panel of Fig. 3.9 depicts the absorption profile
obtained from this model using a mean diameter of 1.37 nm and a distribution width d¯ =
0.08 nm.
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Figure 3.10: Schematic representation of the sample mounted on a PES and XAS sample holder.
The sample film is situated on a sapphire plate. Electric contact between sample and sample holder
is established via the Tantalum clamps and the screws.
The sample is provided as buckypaper, which is the result of filtration of the nanotube
material after purification. Initial doping experiments revealed that the highest doping levels
cannot be reached with a bucky-paper sample. The amount of nanotubes is simply too big
and potassium which is evaporated on the sample diffuses into the bulk upon equilibration.
In order to prevent this, we produced films similar to those used for optical absorption and
electron energy loss spectroscopy only thick enough to prevent a signal from the substrate
in photoemission experiments. The sample material was sonicated in acetone and then
subsequently dropped on an NaCl crystal on a hot plate. The film was then floated off in
distilled water. The water bath was changed several times in order to avoid contaminations
with NaCl. Finally, the film was captured with a sapphire plate of 7x7 mm2 size, dried
and mounted on a sample holder. For photoemission experiments electrical contact between
sample and sample holder is needed to prevent charging of the sample which is caused by
the electrons leaving the sample due to the photoelectric effect. Fig. 3.10 shows a schematic
representation of the sample holder. It illustrates how electrical contact is established by
mounting the sample with two tantalum clamps which at the same time fix the sample
to the sample holder. The sample holders can be heated either in a heatable manipulator
situated in a different chamber of the vacuum system or with an electron beam gun. The
latter allows the sample to be flashed, i.e. quickly heating it up to high temperatures for a
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short time by electron bombardment. Heat treatment is required to obtain clean samples
as will be discussed below.
Potassium Doping
Sapphire
Getter
Film
UHV
U, I
Figure 3.11: Schematic illustration of
the potassium doping process. A cur-
rent through the getter activates the
alkali metal evaporation onto the sam-
ple which is situated on a sapphire sub-
strate. The whole process takes place
under UHV conditions.
Intercalation with alkali metals is a common method to modify the electronic structure
of materials, in particular with carbon compounds. Often the sample is put into a quartz
tube together with the intercalant and the doping is done by heating the intercalant. In
this thesis the samples were doped with potassium. In this case it is much easier to use
commercial SAES getters which can be installed inside the UHV chamber so that a series
of doping steps can be carried out without exposing the sample to air. The getters consist
of a chromate and reducing agent mixture which is kept within a nichrome metal container
which has a slit to allow evaporation of the alkali metal. Heating by applying a bias of
several amperes activates the alkali metal dispensers and causes the potassium to evaporate.
Fig. 3.11 schematically illustrates the setup. The amount of evaporated potassium can be
controlled by the bias current, the distance between sample and getters and the time of
evaporation which is typically several minutes. Right after the evaporation the potassium
is mainly situated on the sample surface. Upon heating, it diffuses into the sample. An
equilibration of at least one hour at 150◦C ensures homogeneous distribution of potassium
over the probed region.
Fabrication of C60 peapods
For the fabrication of a C60 peapod sample, a SWCNT film was prepared in the same way as
described above and transferred into UHV. The C60 material was filled into a crucible which
was put in an evaporator mounted to the UHV preparation chamber. The C60 material
was degassed in the vacuum chamber for several hours. It was then evaporated onto the
SWCNT film at approximately 500◦C until a film of C60 was visible on the sample surface.
The sample was then equilibrated at 300◦C for 12 h, and finally the remaining C60 was
removed by heating the sample to 500◦C. In order to guarantee an optimum filling, this
procedure was repeated once.
Overall, this in situ method enables the preparation of C60 peapods using the established
preparation of clean SWCNT samples and then filling them efficiently with C60 in UHV
without exposing the sample to air. This results in very clean C60 peapod samples. In
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addition, a very high filling ratio close to the optimum can be reached, as can be judged
from Raman measurements on double-wall carbon nanotubes (DWCNT) from identically
prepared C60 peapods. In order to estimate the filling ratio, double-wall carbon nanotubes
are prepared on the basis of the C60 peapods by simply annealing them for several hours at
1100◦C. The C60 molecules coalesce and form an additional inner tube inside the original
nanotube [101]. The radial breathing mode response from the outer and inner tubes can
easily be distinguished and their intensity ratio holds as an estimate for the amount of C60
molecules inside the nanotube before annealing.
4 Electrons in one and three
dimensions
One central point of this thesis is the nature of the metallic ground state in bundles
of single-wall carbon nanotubes and C60 peapods. Since carbon nanotubes are ideal one-
dimensional systems, their properties should deviate from classical three-dimensional sys-
tems. This was already revealed by the emergence of the van-Hove singularities, a fin-
gerprint for one-dimensional systems. Another point concerns the metallic ground state.
In a macroscopic sample approximately one third of all tubes are metallic. Furthermore,
electron-electron interactions play an important role in SWCNTs [102]. Voit [103] sum-
marizes the major difference between a three-dimensional and a one-dimensional metallic
electron system as follows:
• The correlations in a three-dimensional electron system are weak although the in-
teractions may be strong.
• In a one-dimensional electron system correlations are strong, even for weak interac-
tions.
This already implies that Landau’s Fermi liquid theory does not apply in one dimension.
A one-dimensional metal can instead be described as a Tomonaga-Luttinger liquid (TLL)
whose properties differ importantly from those of a 3D metal. The aim of this chapter is
not to reproduce the respective theories of one- and three-dimensional electron liquids but
rather to explain the resulting phenomenology.
Therefore, the main features of both, a free and an interacting Fermion system in three
dimensions will be discussed in this chapter. It will be explained how the quasiparticle-
picture for interacting electrons in 3D breaks down in 1D and how the problem is treated
instead by TLL theory. Previous results on SWCNTs and MWCNTs dealing with this issue
are reviewed.
4.1 Fermi gas and Fermi liquid
The problem of electrons in a solid can be treated at various levels of difficulty. Interestingly,
even the simplest models are rather successful in describing some of the properties of metals.
The Drude model, for example, is based on kinetic gas theory of free electrons and was
developed without the knowledge of quantummechanics with its important consequences like
the Pauli principle. Still it describes the thermal conduction of metals and the Wiedemann-
Frantz law well, primarily because some of its main failures cancel each other out. Other
aspects, such as the specific heat, could not be explained [104].
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Sommerfeld model
The next step in the evolution of the theory of electrons in a solid was Sommerfeld’s model.
It still relies on the assumption that the electrons neither interact with the lattice potential
nor with the other electrons but includes quantum-mechanical considerations, i.e. is only
semi-classical. The potential is modelled by a three-dimensional box with the volume V =
L3. The solutions of the Schro¨dinger equation for a single particle are thus plane waves
Ψ(−→r ) ∼ ei−→k −→r with the free electron dispersion E = ~k2/2m. Due to the periodic boundary
conditions imposed by the finite length of the potential box the allowed k-states are
kx =
nx2π
L
, ky =
ny2π
L
and kz =
nz2π
L
, nx, ny, nz ∈ N. (4.1)
The allowed states in reciprocal space are those whose coordinates along the three axes
are given by multiples of 2π/L. The Pauli principle now allows only two electrons per
state to be occupied, one for each spin projection. The ground state can be constructed by
successively filling two electrons in the unoccupied states with the lowest energy. The highest
occupied state thus has a wave vector denoted with kF and a corresponding energy EF , the
Fermi energy. For a sufficient number of electrons, the highest occupied states form a sphere
in reciprocal space, the so-called Fermi sphere on which the electrons have the energy EF .
The total number of states in this sphere is given by the volume of the sphere divided by
the volume one state ((2π/L)3) multiplied by two, the number of electrons allowed in one
state:
N = 2
4/3πk3F
(2π/L)3
. (4.2)
The resulting density of states is
D(E) =
dN
dE
=
V
2π2
(
2m
~2
)3/2√
E . (4.3)
In order to account for finite temperatures, the step-function which was assumed for the
occupation of states for the construction of the Fermi sphere has to be replaced by the
Fermi-Dirac distribution
f(E) =
1
e
E−µ
kBT + 1
, (4.4)
where µ is the chemical potential. At T = 0 and in good approximation also at temperatures
up to room temperature the chemical potential is equal to the Fermi energy [104] and the
expressions “Fermi level” and “chemical potential” will be used synonymously in this thesis.
The central point in this theory is the introduction of the Fermi-Dirac distribution.
Fig. 4.1 shows the sharp division between occupied and unoccupied states in three-dimensional
metals which is slightly smeared out at finite temperatures and plays an important role in
this thesis. Still it has to be kept in mind, that the model of the Fermi gas, where the
electrons interact with neither the lattice nor other electrons, is a major oversimplification.
Although it describes some transport and thermal properties well, it cannot account for the
actual band structure observed in solids since it includes only the free electron dispersion.
Because of the success of the free electron model it was further enhanced by including
more realistic assumptions. The consideration of a weak periodic potential already influences
the electron wave function. This is expressed in the form of Bloch’s theorem which states
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Figure 4.1: Density of states D(E) for a
free electron gas according to the Sommer-
feld model. The occupation is given by the
Fermi-Dirac distribution for T = 0 and finite
temperature
that the one-electron wave functions are plane waves times a function with the periodicity
of the Bravais lattice. It also leads to a modification of the free electron band structure
because wave functions at the Brillouin zone boundaries fulfill the Bragg condition and
the superposition of incoming and outcoming waves leads to the formation of a gap in the
band structure under certain circumstances. Furthermore, the introduction of an effective
mass m⋆ can account for deviations from the free electron dispersion, i.e. the real band
structure. Nevertheless, this way of treating electrons in solids is restricted to a limited
number of systems. The explicit inclusion of electron-electron interaction leads to a severe
complication of the way the problem can be treated and is presented next.
Interacting electrons in 3D: Fermi liquid
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Figure 4.2: Illustration of the reduced scat-
tering probability of Fermions (see text).
The microscopic theory of interacting electrons in three spatial dimensions was developed
by Landau [105,106]. It is based on the picture of quasi-particles evolving out of the particles
of a Fermi gas upon adiabatically switching on the interaction. These quasi-particles carry
the same quantum numbers – spin, charge and momentum – as the original particles, but
their dynamic properties are renormalized by the interactions (e.g. by the introduction of
the effective mass m⋆) and their lifetime is finite. A quasi-particle can be imagined as a
particle which disturbs other particles in its vicinity and whose motion itself is disturbed
by surrounding particles. This picture holds true because the quasi-particle excitations
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are low compared to the Fermi energy EF since in this energy range, the phase space for
scattering events is severely restricted by the Pauli-exclusion principle. Fig. 4.2 illustrates
this situation: Electron 1 with an energy E1 above EF can only scatter with a small number
of electrons in the sphere, those with energy E2 ≤ −E1, because the electrons have to
be scattered out of the sphere, the only place where free states are available. This is
approximately a fraction E1/EF of all electrons. In addition, also the final states (3 and
4) are restricted to those within E1 above the Fermi level, adding another factor ≈ E1/EF
leading to a scattering probability ∼ E21 . At finite temperatures, E1 is in the range of
thermal excitations E1 ≈ kBT so that the scattering rate is ∼ T 2.
n(k) 
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kF k 
Zk 
n(k) 
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kF k 
Figure 4.3: Schematic representation of the
occupation of a non-interacting Fermion sys-
tem (upper panel) and a Fermi liquid (lower
panel) at T = 0. The discontinuity Zk is
a measure of the single particle character of
the system.
The interacting Fermion system can be formally described by the one-particle Green’s
function. Here, the interaction is expressed in the so-called self energy which contains all
the many-body effects and results in a shift and broadening of the quasi-particle states
compared to those of the noninteracting particles. In this formalism one also obtains the
quasi-particle renormalization factor Zk which is a measure for the discontinuity at the Fermi
level as depicted in Fig. 4.3. In the non-interacting case the discontinuity equals 1 and in
the interacting case the discontinuity has the value Zk ≤ 1. Even at T = 0 states above EF
are occupied because particles in the system can be scattered out of their Bloch state by
a collision with another electron, leaving the system in an excited state, leading to a finite
occupation probability above EF . However, as long as a finite discontinuity is observed, the
system can be described in terms of the Landau quasiparticles [98].
4.2 Tomonaga-Luttinger liquid
Since the Fermi liquid picture breaks down for metals in one dimension, a new model is
required. It is provided by the Tomonaga-Luttinger liquid model, describes interacting
electrons in one dimension. The Tomonaga-Luttinger model is theoretical concept based on
the works by Tomonaga [107] and Luttinger [108] which were later merged into a model which
describes interacting fermions in one spatial dimension [109, 110], the so-called Tomonaga-
Luttinger liquid (TLL), often simply referred to as Luttinger liquid.
The following section will explain the breakdown of Fermi liquid theory in 1D qualita-
tively. Then one aspect of the TLL model, the bosonization, will be explained. However,
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a complete comprehension of the theoretical background would exceed the scope of this
thesis by far. Instead, the concept will be introduced in terms of phenomenological consid-
erations. For introductions to the theory of Luttinger liquids, there are various works of
varying lengths and approaches, eg. references [103, 111–115]. Another section is devoted
to the TLL behavior of carbon nanotubes.
Breakdown of the Fermi liquid in one dimension
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kF
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-kF
-kF
k k
V(2kF)
2∆
Figure 4.4: In a one-dimensional system of
interacting fermions, scattering with a wave
vector 2kF leads causes the formation of a
gap. Figure adapted from [111].
The Fermi liquid theory as discussed in the previous section does not hold in one dimen-
sion. This can be explained in a “rather qualitative and handwaving” way (Voit in [111])
on a microscopic level with the Peierls instability [116]. In general, the Peierls instability
describes a metal-semiconductor transition due to coupling with phonons of wave vector
2kF . Since in 1D the whole Fermi surface is matched by this transition (in 3D only two
points on the Fermi sphere with a measure zero are projected onto each other upon such
scattering) a great number of electron-hole excitations take place and lead to an instability
of the Fermi surface resulting in the formation of a gap at kF . This umklapp-scattering
with a wave vector 2kF is not limited to phonons, it also appears upon electron-electron
interaction. Fig. 4.4 shows this scenario and illustrates that the 1D Fermi gas is unstable
towards any finite interaction, it destroys the Fermi surface. The stable excitations in a
TLL are collective electron-hole pair modes (plasmons).
In a more accurate approach it can be shown that the self-energy of interacting electrons
in one-dimension leads to two poles (i.e. energies of the quasi-particle excitations) in the
Green’s function1 thereby violating the single-pole assumption of the Fermi liquid [111].
Bosonization and phenomenological results
The theoretical development of TLL theory is based on the bosonization of the fermion
system, a concept first developed by Bloch [117], who realized the striking similarity of the
low-energy excitations of non-interacting fermions (Pauli’s Fermi gas approximation) and a
linear harmonic chain, where the excitations are bosonic. This similarity is best illustrated
by the specific heat. In contrast to the three-dimensional case, where the lattice contribution
yields Debye’s T 3 law. The heat capacity of a linear harmonic chain results in
clattice1D =
π
3
kB
kBT
~cs
, (4.5)
1This is related to the charge-spin separation in 1D metals.
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where cs is the sound velocity. The heat capacity of a one-dimensional non-interacting Fermi
gas is
celectrons1D =
π
3
kB
kBT
~vF
, (4.6)
where vF is the Fermi velocity. These results are identical apart from the respective ve-
locities, although the standard ways to calculate them are very different, because of the
difference in Boson and Fermion occupation rules.
In the case of the linear harmonic chain, fixed boundary conditions are applied so that
only discrete k-states (multiples of ~cs(2π/L) are allowed. If one then assumes that the
energy dispersion is linear for small wave numbers (ωk ≈ cs|k|), equidistant energy states
are obtained. The energy of an excited state E(nk) − E0 =
∑
k ~ωknk is then classified by
the occupation numbers nk which can take values from zero to infinity.
Figure 4.5: Illustration of how the excited
states can be classified in terms of upward
shifts by ∆F . In this example the non-zero
occupation numbers are n7 = 1, n4 = 2, n3 =
1, and n1 = 2. Figure adapted from [112].
The same approach is now used in the bosonization of the 1D fermionic system which is
carried out in two steps.
1. The kinetic energy dispersion around the Fermi point kF is linearized. Using fixed
boundary conditions which result in km = mπ/L, the additional energy of excited
states compared to the ground state is a multiple of ∆F = ~vFπ/L.
2. The states of the system are classified with respect to the ground state by upshifts
of j units of ∆F . The highest excited state is related to the highest occupied ground
state and so forth for the second, third etc. The system is then characterized by
the distribution of {nj} upshifts which can take not only values of zero and one like
fermions but from zero to infinity like bosons (Fig. 4.5).
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Even in a non-interacting Fermion system this procedure allows to rewrite the expression
for the total kinetic energy with annihilation and creation operators which obey boson
commutation relations: The creation and annihilation of a fermion with kn = nπ/L is
expressed by c+n and cn respectively. With a linear energy dispersion relation εn = ~vFkn,
the energy of the excited state can consequently be written as
T =
∞∑
n=1
~vFknc
+
n cn. (4.7)
Using the so-called ”Kronig identity” [114], this can be rewritten as
T =
∞∑
n=1
~vFknc
+
n cn =
~vFπ
L
[
∞∑
l=1
lb+l bl +
1
2
N (N + 1)], (4.8)
where the bl are defined as
bl =
1√
l
∞∑
m=1
c+mcm+l (4.9)
and N = ∑∞n=1 c+n cn is the fermion particle number operator. It can be shown that the bl
obey boson commutation relations. In a first step it was thus shown, that a non-interacting
Fermi gas in one dimension can be expressed in terms of boson annihilation and creation
operators and a bosonic distribution of the excited state.
Tomonaga’s and Luttinger’s achievement was now to transfer this concept of the bosoniza-
tion of a 1D Fermi gas to interacting fermions. Instead of quasi-particles, the elementary
excitations are collective charge and spin modes, leading to charge-spin separation. The
physical properties depend on a limited number of parameters, the most important being
the coupling constant or Luttinger parameter g. Correlation functions exhibit power law
behavior [103]. E.g. the following equation results for the momentum distribution function:
n(k) ∼ |k − kF |α , (4.10)
leading to a power law renormalization of the single-particle density of states
N(ω) ∼| ω |α . (4.11)
Here, the breakdown of the Fermi liquid becomes manifest again: the discontinuity Z(k)
no longer appears at the chemical potential. The power law exponent α is linked to the
coupling constant g as
α =
g + g−1 − 2
8
. (4.12)
It should thus be accessible in experiments which probe the density of states, i.e. in PES.
But power laws of the differential conductivity as a function of temperature and bias voltage
are also predicted for transport experiments through a quantum wire [118], although in these
cases the power law depends differently on the coupling constant.
An interesting point concerns the validity of TLL theory for dimensions larger than
one. Castellani et al. found that Fermi liquid behavior is relatively quickly restored upon
a continuous transformation from a one-dimensional to a two-dimensional system [119].
Arrigoni obtained a similar result treating a perpendicular hopping between parallel TLL
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chains [120]. With increasing hopping, the Fermi liquid quasi-particle weight Z(k), in other
words the discontinuity at EF , and as such Fermi liquid behavior, is successively restored.
In conclusion, one-dimensional metals exhibit clearly different properties compared to the
three-dimensional case. Most importantly power laws in experimentally accessible quantities
arise. Next, the consequences of these results on carbon nanotubes – in their metallic version
a paradigm for a one-dimensional metal – will be discussed.
4.3 Experiments on one-dimensional systems
A first claim of the possible observation of a TLL power law renormalization was made
from angle-integrated PES of the so-called Bechgaard salt [121], an organic charge transfer
complex [122] but serious doubts remained [123]. The same is true for quasi-one-dimensional
quantum wires on silicon substrates, where the interpretation of a two peak structure in
ARPES spectra as spin-charge separation [124] was questioned [125]. Spin-charge separation
was equally found in the quasi-one-dimensional organic conductor TTF-TCNQ but could not
be interpreted in terms of a TLL behavior [126]. The main disadvantage of these compounds
is that they are not truly isolated one-dimensional systems.
This is not the case for SWCNTs. The one-dimensional structure of SWCNTs and the
fact that – depending on the chirality – one third of all tubes is metallic have sparked
the interest in SWCNTs as a system of interacting electrons in one dimension. Although
one-dimensional systems are generally unstable under a Peierls distortion (see above), the
energy gap obtained for metallic nanotubes is found to be greatly suppressed with in-
creasing nanotube diameter and quickly approaches the zero-energy gap of two-dimensional
graphite [7, 27,127]. Theoretical works predicted TLL behavior in SWCNTs and estimated
an interaction parameter g ≈ 0.2 [128,129].
Furthermore, the power law exponents also depend on the number of conduction channels
[130]. The more one-dimensional channels contribute to the conduction, the lower the value
of α, making the situation somewhat more complicated for C60 peapods where it is unclear
wether bands from the C60 filling (e.g. the lowest unoccupied molecular orbital, the t1u
band) cross the Fermi level.
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Figure 4.6: The zero-bias anomaly in MW-
CNTs: The tunneling conductivity G is sup-
pressed at low bias voltages. In addition,
the zero-bias anomaly increases with de-
creasing temperature, i.e. G is temperature-
dependent at zero bias. Picture taken from
[24].
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The achievement of contacting individual tubes enabled the first experiments on TLL
behavior of SWCNTs. Transport experiments on metallic nanotubes exhibit a zero-bias
anomaly, i.e. a suppression of the electrical conductance at low bias voltages where a
constant conductivity would be expected in a conventional (three-dimensional) metal . The
zero-bias anomaly is an indication for electron-electron interaction in the tubes and was
observed in both SWCNTs and MWCNTs. Fig. 4.6 illustrates its behavior for the case of
MWCNTs. Measurements on bundles of SWCNTs revealed a power law scaling of the zero-
bias anomaly, or more precisely of the differential conductance dI/dV ∼ V αG as well as of
the temperature-dependent conductance G(T ) ∼ Tα. The actual value of α depends on the
contact geometry but similar power law coefficients for the gate voltage- and temperature-
dependent measurements were obtained [23] yielding an interaction parameter g ≈ 0.28.
Transport through individual [26] and crossed individual SWCNTs [25] was equally well
explained within a framework of tunneling into and between TLL [131].
Figure 4.7: Upper panel: AFM images
of junctions formed between MWCNTs: a)
end-bulk junction and b) end-end junction.
The arrows indicate the position of the junc-
tion. Lower panel: a) Tunneling conduc-
tance G as a function of the bias V for the
given contact geometries. b) Plot of the
power law scaling factor α as a function of
the junction type. Figure from [24].
In the same way, tunneling into and between multi-wall carbon nanotubes (MWCNTs)
obeys power laws. Fig. 4.7 shows the different contact geometries and the resulting power
law scaling from Ref. [24]. Again, the actual power law scaling is hugely dependent on
the contact configuration. On the one hand, these results can be explained within a TLL
model [130], on the other hand the power law scaling can equally be understood in terms of
tunneling into a particularly effective and non-conventional Coulomb blockade [132].
However, these transport experiments suffer from some uncertainties. First, the role of
the contacts is not completely resolved and second, the probed energy scale (≈ 50 meV,
i.e. much smaller than the expected range for charge carrier interaction as estimated from
the exciton binding energy) is relatively small. Especially in regard of the energy scale,
photoemission spectroscopy should be much better suited for such investigations. Since
photoemission spectroscopy directly probes the electronic density of states it should be an
ideal tool to probe the properties of a TLL, especially the power law renormalization at
the Fermi level. In this regard, the investigation of SWCNTs using PES promises new
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insight in this field. In the following chapters, the promising combination of a nearly perfect
one-dimensional system – SWCNTs – and the ideal tool to study the renormalizations of
one-dimensional systems – PES – will be used to gain new knowledge on the metallic ground
state of pristine and functionalized SWCNTs.
4.4 Summary
~E
α
Figure 4.8: Illustration of the different
scaling behavior of the density of states
in one and three dimensions at T = 0.
Dashed line: Fermi edge (3D Fermi gas pic-
ture). Solid line: Power law (1D Tomonaga-
Luttinger liquid)
This chapter demonstrated that distinct differences exist between the behavior of inter-
acting electrons in one and three spatial dimensions. Three-dimensional metals can be well
described by the Fermi liquid theory of interacting electrons and its quasi-particle picture.
These quasi-particles evolve out of the original non-interacting particles with renormalized
properties. The quasi-particle picture breaks down in one dimension due to the Peierls in-
stability. Instead, interacting electrons in 1D metals are described by Tomonaga-Luttinger
liquid theory which results in peculiar properties such as spin-charge separation and non-
universal power laws, where the actual scaling depends on the interaction strength. One
of those power laws is the renormalization of the electronic density of states. Fig. 4.8 il-
lustrates this scaling in comparison to the sharp Fermi edge of the Fermi gas model. This
fundamental difference should be observable in experiments probing the density of states.
Thus, photoemission spectroscopy is used in the following chapters in order to probe the
nature of the metallic ground state of pristine and functionalized SWCNTs.
5 Electronic properties of pristine
SWCNT
This chapter presents the properties of the SWCNT valence and conduction band as well
as the core level states as obtained from photoemission and x-ray absorption spectroscopy.
On the one hand, these results nicely link the two introductory parts on carbon nanotubes
and the experimental techniques, on the other hand they form a starting point for the
subsequent doping experiments. After verifying the sample purity, the various features in
the XPS and UPS response are studied. The C1s and the carbon Auger line shapes are
analyzed. The valence band response is discussed with special regard to the peculiarities
of SWCNTs as compared to graphite. These are the so-called van Hove singularities and
the renormalization of the electronic density of states due to Tomonaga-Luttinger liquid
behavior.
5.1 Core level and XPS
X-ray photoemission spectroscopy (XPS) is a useful tool for studying the core level states
of materials in a wide range of binding energies. It allows the sample composition and thus
the purity of the SWCNTs to be determined. Additional information can be obtained from
the core level line shape – in this case the line shape of the C1s response – and from the
Auger electrons.
XPS survey: Sample composition
Information on the purity of the sample is crucial for the photoemission investigation of
SWCNTs. Especially the investigation of the metallic ground state could be decisively
influenced by metallic catalyst particles remaining in the sample. Furthermore, the SWCNT
buckypaper is prone to the adsorption of water and carbon oxides. In order to remove the
contaminations, the sample was in situ annealed at 450 ◦C for several hours. The efficiency
of this procedure can easily be checked by XPS. Fig. 5.1 shows the core level photoemission
spectrum of SWCNTs before and after annealing. The most prominent feature is the C1s
peak at 285 eV binding energy. It will be analyzed in more detail below. Another feature
related to carbon is the carbon Auger peak, which is found in the spectrum at 1217 eV,
corresponding to a kinetic energy of 267 eV which also will be discussed in more detail below.
In both cases – before and after annealing – no signal is detected from the NiCo catalysts
used for the production of the sample. It would have been expected at binding energies
of 870 and 853 eV as well as 793 and 778 eV for the 2p1/2 and 2p3/2 of nickel and cobalt
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Figure 5.1: XPS survey of SWCNTs before (upper curve) and after (lower curve) heat treatment.
The C1s peaks are cut off for better visibility of the other features.
respectively. The purification process is obviously very effective in removing the catalyst
particles.
Before annealing, a peak at 537 eV binding energy can be identified in the spectrum of
SWCNTs . It stems from the oxygen 1s core level electrons. Since no signal is detected
from the metal catalysts, this peak is not related to oxidized catalyst particles. Instead it
most probably originates from water or carbon oxides chemisorbed or physisorbed on the
nanotube wall. The lower curve in Fig. 5.1 shows that after annealing the O1s peak is no
longer visible. The contaminations are thus efficiently removed by the annealing process.
A contamination-free sample is important for the valence band investigations, since oxygen
also has contributions in this region. The valence band itself can also be seen in the spectrum
at low binding energies as indicated in the figure. But investigation of this with XPS is very
impractical due to low intensity and an energy resolution of only 0.4 eV. It is preferably
done by UPS as reported below. All in all, the survey spectrum reveals a very high sample
quality and purity, making it suitable for the following investigations.
C1s core level
The C1s response which is depicted in Fig. 5.2, again excited by Al-Kα x-rays, is now further
investigated. The peak position can now be determined more accurately and is found at
284.7 eV with a full width at half maximum (FWHM) of 0.7 eV. These values are in good
agreement with values obtained from previous measurements with x-ray radiation [133,134].
The width is considerably greater than that of graphite [135,136]. In addition, the line shape
features an asymmetry which can also be observed in graphite while it cannot be observed
in C60. This asymmetry is attributed to the metallic tubes in the sample.
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Figure 5.2: XPS spectrum of the C1s core level response of SWCNTs (~ω = 1468.8 eV, solid
line). The dashed line represents the satellite region of the same spectrum magnified by a factor
of five.
On the higher binding energy side of the C1s peak, the response exhibits a kink above
which the intensity decreases somewhat more slowly. In addition, in the magnification of
the higher binding energy region (dashed line in Fig. 5.2), two small humps can be identified
at 290.5 and 294.7 eV binding energy. These are the so-called satellites [137]. They do not
correspond to actual electronic states of carbon near the C1s level but stem from inelastic
scattering of some of the electrons upon leaving the sample. The three features originate
from intraband transitions and the excitation of π and σ plasmons as indicated in Fig. 5.2.
The excitation of these plasmons and interband transitions causes a loss of kinetic energy
of some electrons, making them appear to have a higher binding energy than actually is the
case.
Auger line shape
The basic principle of the Auger process was introduced in section 3.2.1: Irradiation with
light creates a core hole which is subsequently filled by an electron from an higher-lying
state, which transfers the energy gained to another electron, which in turn can leave the
sample. In this specific Auger process, the core hole in the C1s state created by x-ray
irradiation is filled by an electron from the valence band with the simultaneous emission of
another electron from the valence band. The kinetic energy of this emitted electron is now
exactly the difference between the C1s and valence band energy of the decaying electron
less the binding energy of the emitted electron and the work function (see Fig. 3.3):
EAugerkin = E
core
B − EV1B − EV2B − Φ (5.1)
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Figure 5.3: Carbon KVV Auger spectrum
of SWCNTs as a function of the kinetic en-
ergy. The lines denote the features discussed
in the text. The respective kinetic energies
are specified.
Since C1s (also called K shell) and valence band (V) states contribute to this process, it is
called KVV Auger decay. The Auger spectrum is composed of all possible combinations of
valence band electrons. The electrons may either both come from the same band, i.e. the
π- or the σ-band or one from the π-band and one from the σ-band. The Auger spectrum
is thus a self-convolution of the valence band spectrum [138] and can be used to estimate
valence band properties.
The Auger response is depicted in more detail in Fig. 5.3 in terms of kinetic energy.
It can be used to estimate some valence band properties. In the following the three main
features which are indicated in the figure will be discussed.
The Auger electrons with the highest kinetic energy come from processes where both
participating electrons come from states with the lowest binding energy. This high binding
energy onset is found at 281 eV kinetic energy 1. It was shown above that the C1s binding
energy is ≈ 285 eV and that the work function is Φ ≈ 4 eV (see section 3.2.2). This means
that Eq. (5.1) can only be satisfied if EV1B = E
V2
B = 0, i.e. if both participating electrons
come from the Fermi level. This indicates that in the SWCNT bundles are indeed metallic
tubes.
However, the density of states which participate in the process is low at low binding
energies. The Auger process should increase strongly if the electrons come from states with
a high density of states which is the case at the maximum of the π-band. The onset of the
strong increase of the Auger response towards lower kinetic energies is indicated in Fig.5.3
and a value of 275 eV is obtained. Using eq. 5.1 and assuming both electrons have the same
binding energy, the resulting binding energy is ≈ 3 eV, which is close to the peak position
of the π-band later obtained from UPS. Under the same considerations the electron binding
energies corresponding to the maximum of the Auger response at 261 eV result as ≈ 10 eV
which is close to the binding energy of the σ-band.
The Auger line shape can thus be qualitatively described by the valence band structure
of SWCNTs which is discussed below. For a more detailed analysis of the Auger electrons
one has to resolve the valence band fine structure. In this case the comparison of the
self-convoluted valence band spectrum with the Auger line shape can be used to obtain
quantitative information on correlation effects as it was achieved with C60, where the actual
amount of the hole-hole interaction was determined [79,139,140].
1All energies used in this part will be rounded to 1 eV because of the estimative character of the reasoning.
5.2 Valence band 55
5.2 Valence band
Figure 5.4: Valence band photoemission of SWCNTs. Left panel: Region of the π and σ bands
which are labelled accordingly. Right panel: Photoemission response close to the Fermi level.
Three peaks at binding energies of 0.44, 0.76 and 1.06 eV binding energy appear. They are assigned
to the van Hove singularities from the semiconducting (S1, S2) and the metallic (M1) tubes.
The right panel of Fig. 5.4 depicts the valence band region of SWCNTs, excited with
He Iα radiation (21.21 eV), in the binding energy range up to 10 eV. As expected, the π
and σ bands can be identified. The π band is found at 3.1 eV binding energy while the
σ band is located at 8.5 eV, in agreement with previous results [141, 142]. In this energy
range, the SWCNT spectrum is qualitatively the same as that of graphite. But in the region
near the chemical potential, deviations of the SWCNT response from the graphite spectrum
are expected due to the one-dimensional character of the SWCNTs. And indeed, features
typical only for SWCNTs appear in the spectrum. In the region depicted in the right panel
of Fig. 5.4 for binding energies up to 2 eV, three peaks can be observed. They can be
ascribed to the spikes in the density of states of SWCNTs, the van-Hove singularities. The
two peaks at lower binding energies, situated at 0.44 and 0.76 eV originate from the first two
van-Hove singularities of the semiconducting tubes and are labelled S1 and S2 respectively.
The peak from the first vHs of the metallic tubes (M1) is found at 1.06 eV. Again, this is
in good agreement with previous results [55].
A quantitative analysis of the SWCNT sample, i.e. determination of mean diameter and
diameter distribution based on the peak positions and their widths, is not as straightforward
as in optical absorption spectroscopy, though. The gap energy which is a measure for the
tube diameter cannot simply be estimated from the distance of the vHs peaks to the chemical
potential because the valence band vHs S1 and the conduction band vHs S
⋆
1 would only be
symmetric around the Fermi level of the SWCNT bundle in the simplest picture. In a film
of SWCNT bundles on a substrate, the position of the Fermi level is influenced by several
factors. First of all, it is well known from scanning tunneling spectroscopy of individual
nanotubes that the vHs peaks of semiconducting SWCNTs can be shifted with respect to
middle of the band structure due to charge carrier injection from the substrate [57]. In STS
this shift amounts to up to 0.1 eV. A similar effect can be expected for the photoemission
experiments. Second, within a bundle consisting of a mixture of semiconducting and metallic
SWCNTs the actual Fermi level is adjusted by contact potentials. The presence of these
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Figure 5.5: Upper curves: Comparison be-
tween the experimental (dotted line) and cal-
culated (solid line) photoemission spectra of
SWCNTs. The calculated curve was ob-
tained as described in the text and yields
a mean diameter of the SWCNT sample of
1.37 nm with a standard deviation of the dis-
tribution of Γd = 0.06 nm. Lower curve:
Bare calculated density of states (without
lifetime and resolution broadening) as ob-
tained from the addition of the single-tube
density of states.
effects in the measurements at hand can already be shown in a simple estimation. If one
assumes that the Fermi level is symmetrical in the SWCNT band structure, the binding
energy of the vHs in the valence band is expressed in the tight-binding model as
Ei ∼ iγ0
d
, (5.2)
where those vHs in which i is a multiple of three belong to metallic tubes, the others to the
semiconducting tubes. In that picture, the binding energy position of the peaks originating
from the vHs in the photoemission response should be at multiples of the S1 binding energy.
The energy distance between both S1 and S2 and that between S2 and M1 is about the
same, namely about 0.3 eV as is to be expected from the TB model. If the Fermi level
were situated in the middle of the band structure, its binding energy would be roughly
the same as those energy distances, i.e. ∼ 0.3 eV. But this is not the case. The binding
energy of the S1 peak is 0.44 eV, indicating a shift of the Fermi level from the middle of
the band structure, most probably due to charge carrier injection from the substrate. Using
these considerations, the position above the Fermi level of the first unoccupied vHs of the
semiconducting tubes, S⋆1, can be estimated. Taking into account the aforementioned Fermi
level shift and that in the simple model, the distance between S⋆1 and S1 is twice the distance
between S1 and S2, the S
⋆
1 is expected to lie at least 0.2 eV above the Fermi level. This
result will play an important role in the interpretation of the doping experiments.
Taking into account this effect, one should be able to obtain quantitative information
about the sample from the peak positions and shapes obtained from the photoemission
response in a similar way as it was carried out by optical absorption spectroscopy (see
section 3.4). First, the band structure of individual SWCNTs of all possible chiralities is
calculated using the tight-binding model and a γ0 = 2.9 eV. It is then assumed that the
diameter of the nanotubes in the sample is Gauss-distributed with a certain mean diameter
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Figure 5.6: Diameter distribution for a
nanotube sample with 1.37 nm mean diam-
eter and a standard deviation of the distrib-
ution of Γd = 0.06 nm. Grey lines indicate
metallic nanotubes, black lines are semicon-
ducting nanotubes. The chiralities are indi-
cated for the most frequent tubes.
and distribution width. The single-tube band structures are added up according to this
distribution. Finally, the resulting density of states is smeared out with a Gaussian curve
and a Lorentzian curve in order to take into account the spectral lifetime broadening and
the finite resolution of the experiment. By adjusting the sample-related parameters for the
mean diameter and the distribution width and by including an energy shift due to charge
carrier injection as described above, the photoemission spectrum can be fitted. Fig. 5.5
depicts the results of the fit. The upper curves show the photoemission response and its
fit. The lower curve represents the bare calculated density of states as obtained from the
addition of the single-tube densities of states. Using the experimental resolution of 10 meV
and a Fermi level shift of 0.11 eV, the sample characteristics resulting from this fit are a
mean diameter of 1.37 nm with a standard deviation Γd = 0.06 nm. These values are in very
good agreement with those obtained from OAS in section 3.4. Fig. 5.6 shows the resulting
distribution of tube chiralities.
Nevertheless, there is one important discrepancy between calculated and experimental
photoemission response: The behavior exactly at the Fermi edge is not well described by
the fit. This is due to the fact that the TB model does not take into account the power law
scaling of the electronic density of states due to the one-dimensional electronic structure
and simply assumes a sharp Fermi edge. This topic is discussed in the following section.
5.3 Tomonaga-Luttinger liquid behavior
Section 4.3 discussed that metallic SWCNTs are a paradigm of one-dimensional metals and
as such should exhibit Tomonaga-Luttinger liquid behavior instead of Fermi liquid behavior.
TLL behavior is expressed in non-universal power laws. Most importantly, the electronic
density of states is renormalized as N(ω) ∼ ωα as opposed to the discontinuity of a three-
dimensional Fermi liquid at the chemical potential. Transport experiments showed such
power law behaviors but uncertainties in the interpretation remained regarding the contact-
ing and, in the case of MWCNTs, also the transport regime. The power law renormalization
is directly accessible in photoemission experiments [55]. The value of the power law renor-
malization of the density of states, α can be obtained by two means: firstly via a fit of the
density of states and secondly – in a much simpler way – via a linear fit of the photoemission
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response near EF on a double-logarithmic scale. In the following chapters, the latter will be
an often-used tool in the study of the TLL behavior on doping and thus this procedure will
now be explained in more detail by first elucidating the TLL energy scale, i.e. the region in
the photoemission spectra where the power law renormalization is expected.
TLL energy scale
In the previous chapter it was discussed that transport measurements only probe the TLL
behavior on a small energy scale. This scale can be expanded using photoemission spec-
troscopy which covers the whole valence band binding energy range. However, there are no
exact predictions of the energy scale on which the power law renormalization takes place.
The energy scale of TLL behavior is determined by the strength of the electron-electron
interaction which itself is in the same order of electron-hole interaction. Electron-hole inter-
action can be described in terms of excitons, and the existence of these quasi-particles was
recently verified experimentally using two-photon photoluminescence experiments [21, 22].
The measured binding energy of the excitons depends on the tube diameter and range
from up to 420 meV for 0.68 nm diameter tubes to 270 meV for 1.08 nanometer tubes.
More precisely, the exciton binding energy of an isolated tube scales with the inverse tube
diameter [53,54] and obeys the following relation obtained in Ref. [53]:
EExcitonB
∼= 0.34 nm eV
dt
, (5.3)
where dt is the tube diameter. For tubes with a mean diameter of those used in the experi-
ments, the exciton binding energy can be estimated and it follows that EExcitonB ≈ 240meV.
Furthermore, this value is a lower estimate since the exciton binding energy also increases
with the dielectric constant of the environment of the the tubes which is higher in bun-
dles [54]. The value of the exciton binding energy can be used as a measure for the electron-
electron interaction and thus the TLL power law renormalization is expected to be effective
in this binding energy region. Using the experimental setup at hand, this region is well
accessible with a high resolution. However, the confirmation of power law behavior of the
electronic density of states can be hindered by other factors. Special attention has to be
paid to the experimental limitations due to finite resolution and temperature. The energy
resolution was set in these experiments to 10 meV. All experiments were carried out at a
temperature of 35 K. The temperature broadening can be estimated as ∆E ≈ 4kBT [100],
where kB is the Boltzmann constant and T is the temperature. The resulting temperature
broadening of the occupation distribution is then ≈ 12 meV and thus in the same range as
the resolution limit. Accordingly, a potentially pure power law behavior is smeared out in
this energy range above the Fermi level.
Another limitation stems from the shape of the actual band structure. Fortunately,
metallic SWCNTs have a constant density of states up to the first van-Hove singularity2
situated about 1 eV above the chemical potential for the SWCNTs used in our studies. On
the other hand, the signal of the semiconducting tubes is superimposing that of the metallic
tubes, starting with the first vHs situated at 0.44 eV binding energy. The resulting peak
is relatively broad due to the diameter distribution. Since the width of this distribution is
2The density of states is constant in a tight-binding approximation which does not include eventual
scaling of the DOS due to TLL behavior
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known, energy level above which it has a significant contribution to the PES response can
be calculated. As seen above, the diameter distribution is a Gaussian and thus peak shape
also reflects this distribution. The peak is centered at 0.44 eV. From Eq. (5.2) the energy
width can be calculated from the distribution width of the diameter as
∆E =
∆d
d
· E = 0.019 eV . (5.4)
The Gaussian distribution is defined as
y =
1√
2πσ2
e−
(x−xc)
2
2σ2 , (5.5)
where xc is the center of the distribution. Therefore the distance from peak center at a given
y-value is
x− xc =
√
−σ2ln(2πy2σ2) (5.6)
The distance from the peak center to the point where the Gaussian distribution is only 5% of
its maximum value can now easily be calculated using y = 0.05 and σ = 0.019 eV. It follows
that x− xc = 0.14 eV. The intensity of the Gauss distribution is thus reduced to 5 % of its
maximum value at a distance of 0.14 eV from the peak center. It is more than reasonable to
assume that here the contribution from the peak to the photoemission response is negligible.
We can thus safely say that at about 0.07 eV below the peak center, i.e. at ca. 0.30 eV
binding energy in the pristine case, its contribution to the photoemission response can be
neglected. This means that there is a region, where an observation of the power law scaling of
the density of states is not disturbed by measurement limits or a superimposing signal from
the semiconducting tubes. This region is situated between the resolution and temperature
broadening limit at 0.012 eV and the beginning contribution from the semiconducting tubes
at roughly 0.30 eV. Towards higher binding energies, the determination of the power law
behavior is thus only limited by the energy scale of TLL renormalization. At the Fermi
level, temperature and resolution broadening has to be accounted for.
Determination of the power law scaling factor
The above considerations enable us to investigate the photoemission response of SWCNTs
in the region close to the Fermi level in more detail. The resulting spectrum, taken at a
temperature of 35 K, is depicted in the left panel of Fig. 5.7. Although there appears to be
a finite intensity up to the Fermi level, the response appears somewhat suppressed and the
line shape does not resemble a typical Fermi edge. This suppression of spectral weight can
be ascribed to a power law scaling of the density of states due to TLL behavior as it was
done in Ref. [55]. In order to verify this behavior and to obtain the power law scaling factor
α, the spectrum is simulated. For this, a power law density of states Eα, which is occupied
according to the Fermi distribution at finite temperature, is assumed. The limited resolution
of the measurement is taken into account by convolution with a Gaussian distribution. The
photoemission response results then as:
I(E) = A
∫
εα
1
e−ε/kBT + 1
e
(ε−E)2
2σ2 dε, (5.7)
where σ is the standard deviation of the Gaussian distribution and A an arbitrary scaling
factor. The solid line in the figure represents the fit in which the width of the Gauss curve
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Figure 5.7: Valence band of SWCNTs in the vicinity of the chemical potential. Left panel: Fit
of the measured curve (dots) with a power law density of states Eα (solid line) with an occupation
according to the Fermi distribution at finite temperature (35 K) and smeared out with a Gaussian
according to the limited resolution of 10 meV. The fit yields α = 0.43. The dotted line corresponds
to a constant density of states (α = 0) as it would be expected for a Fermi liquid, at the same
temperature and resolution. Right panel: Linear fit of the photoemission response on a double-
logarithmic scale (solid bar). The same α as in the left panel is obtained. The fit was performed
between 0.012 and 0.200 eV binding energy.
was set according to the resolution of 10 meV and the temperature was set to 35 K. The
measured spectrum is reproduced very well by this function and these parameters in a
binding energy region up to 0.2 eV. The resulting power law scaling factor is α = 0.43. The
TLL coupling constant g which can be obtained from α = g+g
−1−2
8
is g = 0.18. This value
is identical within experimental error to that from Ref. [55], where α = 0.46 for the power
law scaling of the density of states and α = 0.48 for the temperature dependence of the
photoemission intensity at the Fermi level was obtained. The value of the coupling constant
is also in good agreement with theoretical calculations, which predicted a g ≈ 0.2 [128,129]
and consistent with transport experiments through carbon nanotubes (see section 4.2).
Since every power law function results in a straight line on a double-logarithmic scale,
such a representation should allow the extraction of the power scaling law factor α as
well. The power law coefficient is then simply the slope of the line. In the right panel of
Fig. 5.7 the photoemission response is depicted on a double-logarithmic scale. It can clearly
be seen, that it forms a straight line which verifies the power law behavior found before
with the previous fit method. A linear fit cannot include the deviations from pure power
law behavior due to finite resolution and temperature. The analysis therefore has to be
restricted to a region where these effects do not play a role. The fit is consequently carried
out in the binding energy region from 0.012 to 0.200 eV according to the considerations
above. A value of α = 0.43 is obtained, which is exactly the same value resulting found in
the previous method.
5.4 Conduction band
First experiments on the SWCNT conduction band were carried out by electron energy loss
spectroscopy (EELS). The principle is very similar to x-ray absorption spectroscopy as also
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Figure 5.8: Room temperature EELS spec-
tra at the C1s edge from C60, graphite and
SWCNTs (From [93]).
excitations into the conduction band are probed. Fig. 5.8 depicts an EELS spectrum of
SWCNTs in comparison to graphite and C60. The general shapes of the absorptions from
graphite and SWCNTs are very similar. They are determined by absorptions from the π⋆
and σ⋆ bands. In both cases, the onset of the π⋆ absorption can be found at the C1s binding
energy of 285 eV, and the maximum absorption is situated approximately 1 eV above the
onset. However, the shape of the absorption does not mirror the ground state conduction
band, where the π⋆ band should have a maximum roughly 3 eV above the onset. It is
well known from graphite that this discrepancy is due to strong interactions of the final-
state electrons with the core hole [143, 144]. These excitonic effects can be accounted for
theoretically, e.g. by relaxation of the conduction band states upon the existence of a core
hole [145], or by including the electron-hole attraction ab initio [146]. Furthermore, the fine
structure from the vHs singularities could not be observed in the EELS measurements.
The availability of high-quality samples motivated further investigations. Below, the
properties of the SWCNT conduction band studied by x-ray absorption spectroscopy (XAS)
are presented. The spectra are acquired at the UE52-PGM beamline at the BESSY syn-
chrotron facility. The SWCNT spectra are not dependent on the angle to the incoming
light since the SWCNTs are randomly oriented in the sample. The HOPG spectra were
obtained at an angle of 45◦ to the light beam, ensuring a contribution from both, the π
states perpendicular to the surface and the σ states parallel to the surface.
A principal similarity of shape and position of the π and σ bands of the electronic
structure of graphite and SWCNTs concerning was found already in the valence band in-
vestigation. Significant discrepancies emerged at the low energy side of the π band where
peaks originating from the vHs in the electronic density of states were observed. These dis-
crepancies can now also be found in the conduction band. The left panel of Fig. 5.9 depicts
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the absorption spectra of HOPG and SWCNTs in more detail. In contrast to the HOPG
spectrum, the SWCNT spectrum exhibits a clear fine structure on top of the π⋆ resonance.
These peaks are attributed to an increased absorption from the unoccupied vHs in the con-
duction band, more specifically from the three first vHs of the semiconducting tubes S⋆1, S
⋆
2
and S⋆3 as well as the first vHs of the metallic tubes M
⋆
1. In a line shape analysis, the π
⋆
resonance can be deconvoluted into the main peak and four additional peaks. In order to
achieve this, the spectrum was fitted with Gaussians, each including a Shirley background
proportional to their respective relative intensity.
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Figure 5.9: X-ray absorption spectrum of SWCNTs at 16 K. Black dots indicate the measured
curve, dashed lines represent the fit components. Left panel: π⋆ and σ⋆ region in comparison to
HOPG. Right panel:π⋆ region with fine structure. [147].
The π⋆ region is depicted in more detail in the right panel of Fig. 5.9. The main peak
is situated at 285.3 eV, similar to that of HOPG. The four smaller peaks are assigned to
the vHs and labelled accordingly in the figure. They can be found at excitation energies
of 284.79 eV (S⋆1), 285.01 eV (S
⋆
2), 285.36 eV (M
⋆
1), and 285.76 eV (S
⋆
3). Considering their
relatively low spectral weight compared to that of the main peak, and their location at steep
edges of the main peak, a match of their respective relative intensities within a factor of
two is satisfactory. Moreover, the width of the peaks increases linearly from 0.14 to 0.60 eV
with their location on the conduction band.
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5.5 Summary
In this chapter it was shown that the SWCNT sample is well suited for our investigations.
The XPS survey showed that no remainders from catalyst particles or other contaminations
are present in the sample after heat treatment. Furthermore, XPS measurements of the
C1s core level revealed an asymmetric line shape due to the presence of metallic tubes
and satellites adjacent to the C1s signal which originate from energy losses of the electrons
upon leaving the sample. In addition, the line shape of the carbon Auger electrons was
investigated and could qualitatively be explained.
The UPS valence band investigations revealed the π and σ bands typical for carbon
materials with sp2 hybridization. Peaks in the photoemission response, stemming from the
van-Hove singularities in the electronic density of states, could also be identified. Finally,
the Tomonaga-Luttinger liquid behavior expected for one-dimensional metals was verified
by demonstrating the power law scaling of the photoemission response, carefully taking into
account experimental limitations. The resulting power law scaling factor α = 0.43 and the
corresponding Luttinger parameter g = 0.18 are in good agreement with previous transport
measurements, photoemission experiments and theory.
The valence band structure – including the fine structure related to the van-Hove singu-
larities – is qualitatively well reflected in the conduction band as it is expected for SWCNTs.
However, in the conduction band investigations with x-ray absorption spectroscopy, exci-
tonic effects play an important role, leading to a distortion of the response, in particular of
the π⋆ resonance compared to the π band obtained from PES.
6 Electronic properties and metallic
ground state of doped SWCNTs
In this section, the electronic properties of intercalated SWCNTs will be investigated
with emphasis on the metallic ground state. It was shown above that pristine SWCNTs
indeed exhibit properties which can be explained within the model for one-dimensional
metals, the Tomonaga-Luttinger liquid. In particular, a renormalization of the electronic
density of states at the chemical potential was found. Doping experiments now promise
new insight on what happens in the realistic arrangement of SWCNTs – the bundles – upon
charge transfer.
EELS measurements discussed in section 2.5 exhibited a charge carrier plasmon in the
doped state which was not observed in the pristine state [68]. This hints at a qualitative
change in the behavior towards free charge carriers upon doping. The question how such a
transition can be explained with the TLL behavior in the pristine state will be discussed in
detail. In particular, it will be interesting to see how the TLL behavior evolves upon doping,
especially at those dopant concentrations where the Drude plasmon is observed in EELS.
Before this aspect is discussed at the end of this chapter, the influence of the charge
transfer on the C1s line shape will be analyzed. The behavior of the main spectral features,
the π and σ bands as well as the peaks originating from the vHs in the density of states will
be examined in the context of the rigid-band-shift model.
6.1 Core level: C1s
It was shown above that valuable information can be extracted from the C1s line shape even
in the pristine state. Upon doping, the investigation of the C1s core level spectra serves two
purposes. First, it can be used to determine the actual dopant concentration and second,
the line shape contains information on the metallic character of a sample.
6.1.1 Determination of the potassium content
The C1s region can be used to quantitatively analyze the potassium content, or more specif-
ically, the carbon to potassium ratio in the sample. Fig. 6.1 shows that – compared to the
pristine case – two additional peaks can be observed in the spectra of the doped SWCNTs,
namely at binding energies of 294.7 and 297.4 eV. These peaks are assigned to the potassium
states K2p3/2 and K2p1/2 respectively. The proximity of the C1s and K2p peaks allows them
to be measured simultaneously. The actual ratio of carbon to potassium atoms is simply
obtained by measuring the areas below the respective peaks. The carbon to potassium ratio
can easily be calculated taking into account the different ionization cross sections for the two
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Figure 6.1: C1s core level response
of three exemplary doping steps includ-
ing the K2p region. The K:C values
obtained from the quantitative analysis
(see text) are given.
elements: 0.0137 for C1s and 0.0537 for K2p . The values given in the figure are obtained by
applying this method. However, at the lowest doping steps this method cannot be applied as
the K2p response is too weak. Below, a method will be introduced which allows the dopant
concentration to be determined at these low doping steps. The dopant concentrations for
the doping steps where a K2p peak analysis was possible, are summarized in Tab. 6.2. The
highest doping level reached in this thesis is C/K = 15, which is still below the saturation
doping found at C/K ≈ 7 in SWCNT doping experiments investigated by electron energy
loss spectroscopy [68,148].
6.1.2 Line shape: Increasing asymmetry
Section 5.1 discussed that the slight asymmetry of the C1s XPS response of pristine SW-
CNTs is caused by the metallic tubes present in the sample. The excitation of low energy
conduction electron-hole pairs leads to a low kinetic energy tail of the peak. In this section,
the influence of the doping on the C1s line shape will be analyzed in detail. The left panel
of Fig. 6.2 shows the doping dependence of the C1s response of SWCNTs as a function of
the doping level1. The spectra are taken under the same experimental conditions as those
of the pristine case in section 5.1. They are normalized to the area below the C1s peak.
Two aspects can be observed from the figure. First, the peak position shifts continuously to
higher binding energies with increasing doping. The values for the respective doping steps
are given in Tab. 6.1. At the highest doping step, the shift amounts to 0.81 eV. The shift
can be explained by a Fermi level shift into the conduction band as previously observed by
EELS and Raman measurements [68,89] and similar to the corresponding GICs [149].
1For clarity only a representative choice of spectra is shown
6.1 Core level: C1s 67
pristine
180
125
100
50
25
15
250
500
C/K
Figure 6.2: Left panel: Doping dependence of the C1s core level response. The numbers denote
the doping step. Right panel: Variation of the C1s asymmetry index with increasing doping.
The dashed lines are guides for the eye. The numbers next to the curves in the left panel and next
to the data points in the right panel correspond to the doping steps as they are given in Tab. 6.1.
Second, it is immediately clear that the peak asymmetry at the highest doping steps is
much larger than in the pristine state. However, the increase of the asymmetry does not
seem to set in immediately on doping. The first four doping steps depicted appear to be
very similar as indicated by the similar full width half maximum (FWHM) given in the
figure. This aspect can be analyzed in more detail by determining the so-called asymmetry
index, which measures the ratio of the distances between the peak maximum and its edge
on the high and low energy side of the spectrum respectively. It can be expressed as
A =
|Ehigh1/2 − Emax|
|Elow1/2 − Emax|
, (6.1)
where Ehigh1/2 and E
low
1/2 are the energy positions of the peak curve at half the maximum
intensity on the high and low energy side of the spectrum respectively and Emax is the
peak position. The resulting values are summarized in Tab. 6.1 and the right panel of
Fig. 6.2 shows them as a function of the doping step. Here, what was already suspected
from the examination of the left panel of Fig. 6.2 becomes clear. In the first six doping steps
the asymmetry of the C1s peak stays constant within experimental error at values around
A = 1.2. A only starts to increase significantly at doping step 7. It increases continually
from that point until it reaches A = 1.92 at the highest doping step.
The peak asymmetry is a measure of the “metallicity” of a material. It depends on the
number of low energy electron-hole pairs, which are excited, and it is easily conceivable that
the amount of these excitations depends on the DOS near the Fermi level. When it stays
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Doping step C1s peak pos. (eV) Peak shift (eV) Asymmetry index C/K (rounded)
pristine 284.55 0 1.22 -
1 284.61 0.06 1.16 -
2 284.67 0.12 1.19 -
3 284.80 0.25 1.18 -
4 284.80 0.25 1.12 500
5 284.85 0.30 1.23 250
6 284.91 0.36 1.19 180
7 284.95 0.40 1.42 125
8 285.08 0.53 1.53 100
9 285.10 0.55 1.57 75
10 285.21 0.58 1.73 50
11 285.21 0.66 1.73 25
12 285.27 0.72 1.72 20
13 285.36 0.81 1.92 15
Table 6.1: Values obtained from the C1s line shape analysis.
constant, the asymmetry also remains constant. This situation changes upon doping. Very
similar to the EELS measurements discussed above (see Fig. 2.10), the sample seems to
become more metallic. This further motivates the investigation of the metallic ground state
upon doping.
However, there are other possible causes for the peak asymmetry. As discussed for
the pristine SWCNTs, the exact position of the respective Fermi levels of metallic and
semiconducting tubes is determined by contact potentials between the tubes in the bundles.
It is thus not necessarily identical. Similarly, the shift of the Fermi level of the two types of
nanotubes does not have to be equal. Indeed, it will be shown below that the binding energy
of the vHs shifts differently for the metallic and the semiconducting tubes (see Fig. 6.5 and
Tab. 6.2). Then again, this effect is strongest at the first few doping steps, in a range where
the asymmetry does not change much. Furthermore, the highest value of the difference in
shifts is 0.2 eV (doping step 5). First, at this step, the asymmetry is still unchanged and
second, it is expected that the shift difference will not increase much more, if at all, at higher
doping steps. If the asymmetry was caused by different binding energies of the C1s state
from metallic and semiconducting tubes, this difference would have to be much larger as
can be seen from the great width of the C1s response at higher doping steps (e.g. a FWHM
of 1.80 eV at the highest doping step).
6.2 Valence band properties at low and medium doping
levels
The valence band photoemission response of pristine SWCNTs (section 5.2) was in good
agreement with the expected electronic band structure. The π and σ bands were identified
at binding energies of 3.2 and 8.6 eV binding energy respectively. Furthermore, peaks
originating from the vHs of the metallic and semiconducting tubes in the sample were
observed. In the following section, the doping dependence of the SWCNT valence band will
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be investigated and compared to known results on other carbon compounds such as GICs
and FICs.
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pristine
75
C/K Figure 6.3: Doping dependence of the
valence band region of SWCNTs. The
doping level increases from top to bot-
tom, starting with the spectrum of pris-
tine SWCNTs. The dashed lines indi-
cate the gradual shift of the π and σ
peaks and the numbers correspond to
the C/K ratio.
Fig. 6.3 shows the doping dependence of the SWCNT valence band. The π and σ bands
can be identified at all doping steps. The overall spectrum remains qualitatively the same.
With increasing charge transfer, the π peak becomes broader and shifts gradually to higher
binding energies. The broadening can be caused by the increasing number of potassium
counter-ions which act as scattering centers. The σ band shifts in the exactly the same way.
At the highest doping step (C/K = 15), the shift of both peaks amounts to about 0.8 eV.
This is the same shift which was observed for the C1s peak. The doping behavior can thus
again be explained within the rigid band shift model. Nevertheless, the σ peak does not
broaden significantly. This might be because the peak itself is already considerably broader
than the π peak so that effects which cause additional broadening do not play an important
role.
SWCNT fine structure
The focus will now be shifted to the region closer to the chemical potential. In the pristine
case, three peaks from the van-Hove singularities were observed in the density of states,
two from the semiconducting tubes (S1 and S2) and one from the metallic tubes (M1). In
Fig. 6.4, their behavior upon doping is depicted for the case of low doping. As it was already
the case for the π and σ bands, these peaks shift gradually to higher binding energies. It
was discussed above that the exact position of the Fermi level is determined by contact and
impurity potentials between the tubes in the bundles. The exact position of the Fermi level
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Figure 6.4: Doping dependence of
SWCNTs in the region below the π
band. The doping level increases from
top to bottom, starting with the spec-
trum of pristine SWCNTs. The num-
bers indicate the C/K ratio obtained
from either the K2p/C1s ratio or the
shift of the first vHs of the metallic
tubes M1 as described in the text. The
peaks originating from the vHs in the
density of states are labelled and the
arrows indicate their shift upon doping.
and its evolution upon doping can thus become rather complex. Fortunately the fact that
features from both the semiconducting and the metallic tubes can be observed facilitates
the analysis. Fig. 6.5 shows a comparison of the vHs peak positions and their behavior upon
doping. The amount of the shift is the same for the two peaks from the semiconducting
tubes2. The shift of the peak from the M1 vHs is considerably smaller than that of S1 and S2
at the first four doping steps. The amount of the shift only becomes similar after this. The
different shift of the vHs peaks from the semiconducting tubes causes the S2 and the M1
peaks to converge. At the higher doping levels depicted in figreffig:swdop-vhs M1 cannot be
separated anymore from S2 which is also due to the broadening of the peaks upon doping.
In general, the shift of the peaks from the vHs can be explained again by a gradual filling of
states in the conduction band which shifts the chemical potential. However, this is a good
example that the Fermi level shift is not equal for both types of tubes.
Interestingly, the slope of the shift of peak from the metallic vHs approaches that of
the peaks from the semiconducting tubes after the fifth doping step. This is also the point
where the asymmetry of the C1s peak increases, which was attributed to an increase of
the density of states at the Fermi level, caused by a filling of conduction band states of the
semiconducting tubes. At this point we can even relate this doping step to a Fermi level shift
of these tubes. Between doping step four and five the vHs shift increases from 0.20 eV to
0.30 eV. At the lower doping steps discussed here, only states of the metallic tubes are filled.
States in the conduction band of the semiconducting tubes start with the first unoccupied
vHs S⋆1. In the investigation of the properties of pristine SWCNTs in section 5.2, a rough
approximation based on the vHs peak positions led to the estimation that the S⋆1 vHs is
2Since plotting as a function of doping steps is arbitrary, the somewhat linear behavior has no further
physical meaning.
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situated about 0.2 eV above the Fermi level. It is thus more than reasonable to assume
that at least those semiconducting tubes with a smaller diameter are doped highly enough
to become metallic between the doping steps four and five. At those doping steps where
all tubes in the bundle are metallic the Fermi level obviously shifts equally for all tubes.
However, the respective band structures of the semiconducting tubes are not symmetrical
to each other at these doping steps as can be concluded from the closeness between S2 and
M1 as opposed to the greater distance between S1 and S2. These distances should be the
same in a symmetrical band structure.
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Figure 6.5: Comparison of the shifts
of the S1 and S2 vHs of the semicon-
ducting tubes and the M1 vHs of the
metallic tube. The dashed lines are
guides for the eye.
Determination of the potassium concentration at low doping levels
In section 6.1.2 it was demonstrated how to obtain the potassium concentration in the sample
by comparing K2p to C1s responses. At very low doping levels, the potassium concentration
cannot be obtained because the K2p peak is too weak. However, the potassium content can
be estimated via the shift of the van-Hove singularities in this region. Due to the constant
density of states, this shift should be in a linear relation between the charge transfer and
the shift of the vHs. This linear relation can be derived from those doping steps where the
shift of the vHs and the K2p peak intensity can be obtained at the same time. This is not
the case for those very low doping steps, or even for higher doping steps at which the vHs
disappear, as will be seen below. Obviously, the M1 vHs has to be used for this analysis
since at first only states of the metallic tubes are filled. All in all, four doping steps meet this
condition and the resulting dependence of the charge transfer on the shift of the M1 peak is
depicted in Fig. 6.6. As expected for a constant density of states, the four points exhibit a
linear behavior which can then be fitted. The resulting slope of 0.034 e−/eV allows us now
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Step S1 / eV S2 / eV M1 / eV C/K
pristine 0.44 0.76 1.06 ∞
1 0.49 0.81 1.07 7000
2 0.54 0.85 1.08 2000
3 0.59 0.89 1.10 750
4 0.64 - 1.12 500
5 0.74 - 1.16 250
6 0.76 - 1.24 180
7 0.81 1.13 1.29 125
Table 6.2: Overview of the values derived from the respective doping steps of SWCNTs: Position
of the first vHs of the semiconducting (S1 and S2) and first metallic (M1) tubes, and the carbon
to potassium ratio (C/K) derived from the vHs shift (see text). Empty fields: The values of the
S2 peak position could not be determined at these steps, since the peak cannot be distinguished
from the onset of the M1 peak.
to estimate the charge transfer from the vHs shift for the remaining low doping steps. The
results are given in Tab. 6.2.
D
Figure 6.6: Relation between charge
transfer obtained from the K2p to C1s
ratio and the shift of the first van-Hove
singularity of the metallic tubes, M1.
The squares are the measured values,
the line represents the linear fit. The
slope of the fit, 0.034 e−/eV, is also
the value of the density of states of the
metallic tubes.
We can also compare this result to theoretical values. When ionic charge transfer is
assumed, this value is also the value of the density of states of the metallic tubes at the
Fermi level. As seen in Chapter 1, the density of states of metallic tubes per unit length
along the nanotube axis within the simplest tight-binding model is a constant given by
N(EF ) =
8√
3πaγ0
. (6.2)
For a metallic (10,10) nanotube, which has 40 carbon atoms in a unit cell of a length of
2.46 A˚ and a γ0 = 2.5 eV, we obtain N(EF ) = 0.025 e
−/eV. This value is in relatively
good agreement with our experimentally obtained one and thus allows an estimation of the
lowest doping levels by measuring the shift of the vHs.
Another observation concerns the spectral weight at the Fermi level. As was discussed
for the pristine case, it is suppressed to a certain extent due to the power law scaling of
the electronic density of states. In Fig. 6.4, this suppression of spectral weight seems to be
retained at the next doping steps. The shape of the spectrum only changes at the doping
steps corresponding to C/K = 500 and C/K = 125. First, the intensity of the response at
6.3 Crossover from a Tomonaga-Luttinger liquid to a Fermi liquid 73
the Fermi level increases. This indicates that the region with a constant density of states is
being left. Second, the shape of the response also changes. Especially for C/K = 125 the
typical shape of the power law can no longer be observed, instead it resembles a Fermi edge.
This behavior will be investigated in more detail in the next section.
6.3 Crossover from a Tomonaga-Luttinger liquid to a
Fermi liquid
In the following section, the influence of doping on the spectral response in the close vicinity
of the chemical potential will be investigated in detail. This investigation will provide insight
into several important aspects. The possible existence of a pseudogap and – more impor-
tantly – the question as to what happens to a bundle of semiconducting and metallic tubes
upon doping, especially when the doping is high enough to also make the semiconducting
tubes metallic, are discussed.
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Figure 6.7: Double-logarithmic represen-
tation of the spectral response of SWC-
NTs near the Fermi level (dashed curves).
The solid lines represent the linear fit which
yields the power law scaling factor α. The
numbers beside the graph indicate the re-
spective C/K values.
First principle studies of a bundle consisting of only (10,10) metallic SWCNTs lead
to the prediction of a pseudogap,3 caused by the interaction between the tubes in the
bundle [150–152]. Scanning tunneling spectroscopy experiments on armchair and zigzag
tubes in bundles do show such a pseudogap of 0.03 - 0.08 eV, depending on the tube diameter,
which was not observable in the isolated tubes [153]. However, more realistic calculations
for a SWCNT bundle with a random composition of metallic and semiconducting tubes of
varying diameters [154] lead to the conclusion that the effect on the density of states is
3The term pseudogap is used because the density of states does not vanish completely but remains at a
finite value, although strongly suppressed.
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negligible. The doping experiments presented here can serve to remove remaining doubts
by shifting the Fermi level beyond the pseudogap region and investigating the consequences
on the photoemission response. One important observation in this regard has already been
made in the previous section where it was noted that the spectral weight at the Fermi level
does not change significantly upon doping.
The second aspect which can be investigated upon doping is the metallic ground state.
In the pristine state, a power law scaling factor α of the electronic density of states, typical
for TLL behavior, was obtained by a linear fit on a double-logarithmic scale. The same
procedure can now be applied to the various doping steps. The results are depicted in Fig. 6.7
where the photoemission response of SWCNTs is represented on a double-logarithmic scale.
Here it is clearly evidenced that the linear behavior – indicated in the figure by the solid
lines – is stable upon doping on this scale. It is thus concluded that the metallic SWCNTs
in the bundle are Luttinger liquids also at low doping. At this point it can also be noted
that not only the spectral weight but also the exact shape of the spectrum is retained, while
the Fermi level of the metallic tubes in the bundle is shifted by about 60 meV, well beyond
the region where a pseudogap was expected. The largest value of the gap measured by STS
was 80 meV for a (9,0) tube, so that a Fermi level shift of 40 meV should close this gap.
Additionally, this value was obtained for tubes significantly smaller than the ones in our
sample, with larger tubes exhibiting a much smaller gap. It can thus be ruled out that the
suppression of photoemission spectral weight at the chemical potential is due to a pseudogap
caused by interactions between the tubes in the bundle.
Step ∆S1 / eV C/K α
pristine 0 ∞ 0.43
1 0.05 7000 0.46
2 0.10 2000 0.45
3 0.15 750 0.47
4 0.20 500 0.46
5 0.30 250 0.37
6 0.32 180 0.30
7 0.37 125 ≈ 0
Table 6.3: Overview of the values derived from the respective doping steps of SWCNTs: Shift of
the first vHs of the semiconducting (∆S1) tubes, carbon to potassium ratio (C/K) and the power
law scaling factor α derived from the linear fit on the double- logarithmic scale.
The slope of the linear fit – and thus the value of α – appears to be the same for the first
few doping steps. However, at the highest doping step depicted, the line is nearly horizontal.
In order to analyze this observation in more detail, the exact values of α are obtained by the
linear fit and are summarized in Tab. 6.2. Fig. 6.8 depicts these values as a function of the
charge transfer K/C which is the inverse of the C/K ratios given in Tab. 6.3. For doping
levels ≤0.002 e−/C (steps 1-4), indeed no change is observed in the TLL parameter within
experimental error. At the highest of these doping steps, the peak from the first vHs of the
semiconducting tubes, S1 is already shifted by 0.20 eV. Upon increasing doping α, starts to
decrease (steps 5 and 6) until it finally reaches zero at doping step 7. At this doping step
S1 is shifted by 0.37 eV.
This behavior can be further interpreted by taking a closer look at the band structure
of the SWCNTs. A simple sketch of both the band structure (left panel) and the elec-
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Figure 6.8: Dependence of the TLL power
law scaling factor α on the charge transfer.
The numbered black squares represent the
values obtained from a linear fit of the spec-
tra on a double-logarithmic scale of the re-
spective doping steps. The black lines are
arbitrary guides for the eye. The numbers
denote the doping steps as given in Tab. 6.3.
The dashed vertical lines separate the three
doping regions labelled with roman numerals
(see text and compare Fig. 6.9).
tronic density of states (right panel) of metallic and semiconducting SWCNTs derived from
tight-binding calculations is given in Fig. 6.9. In both cases, the black lines represent the
semiconducting tubes and the grey lines represent the metallic tubes. As shown above, that
the doping behavior of the π and σ bands as well as the shift of the vHs to higher binding
energies could well be explained within a rigid band shift model. This model is now applied
by assuming that the doping leads to a shift of the Fermi level into the conduction band
(indicated in the figure by the arrow) without substantially changing the band structure
itself. The doping dependence is divided into three parts according to ranges of the Fermi
level shift in the electronic structure. These parts are labelled with roman numerals in the
Figs. 6.8 and 6.9.
At the first four doping steps, α is basically unchanged. In this region, the first vHs
of the semiconducting tubes S1 is shifted by 0.20 eV. This regime is indicated in the band
structure representation in Fig. 6.9 by the lightly shaded region labelled with I. Only states
in the conduction band of the metallic tubes are filled, the semiconducting tubes remain
semiconducting and the metallic SWCNTs in the bundle remain Luttinger liquids. This also
means that the long range Coulomb interaction is essentially unaffected by the potential of
the counter-ions. The results are in good agreement with predictions which show that for
a TLL in metallic nanotubes the power law scaling parameter α is not affected until the
first vHs of the conduction band of the metallic tubes, M⋆1, is reached so that additional
conduction channels are possible [130]. Furthermore, this behavior is consistent with the
observations on the C1s asymmetry which also did not change at these low doping steps.
At intermediate doping steps 5 and 6, α starts to decrease. The corresponding range in
the band structure is given by region II, shaded darkly in the figure. In this region, the Fermi
level is shifted highly enough to also fill states in the conduction band of the semiconducting
tubes. This can be substantiated by two facts. First, the shift of the S1 peak amounts to
only 0.07 eV, while the additional charge which is transferred in this region is only slightly
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Figure 6.9: Schematic view of the SWCNT electronic structure. Grey lines indicate contributions
from the metallic SWCNTs and black lines are contributions from semiconducting SWCNTs. The
dashed lines represent the Fermi level in the pristine case. Note that in this illustration the Fermi
level shift already caused by charge carrier injections from the substrate in the pristine case has
been taken into account. Left panel: Band structure of SWCNTs. The three different doping
regimes described in the text are indicated by different shading. The direction of the Fermi level
shift is given by the arrow. Right panel: Density of states of SWCNTs. The shaded area indicates
filled states in the pristine case.
less than in region I, where the charge transfer led to ∆S1 = 0.30 eV. This means that with
roughly the same amount of charge more states have to be filled which consequently leads
to a lower shift of the Fermi level. Since metallic tubes have a constant density of states
up to M⋆1 which is expected about to be approximately 1 eV above the Fermi level, the
increase of states can only be ascribed to the semiconducting tubes. Second, this increase
of states can also be monitored simply by the increase of photoemission spectral weight at
the Fermi level. Since the tubes in the sample have a finite diameter distribution and thus
slightly different positions of the vHs (see above), the charge transfer leads to the filling of
states in the conduction band of the semiconducting tubes with the largest diameter first.
Thus, some of the tubes which are semiconducting in the pristine state are made metallic
but the sample remains a mixture of semiconducting and metallic tubes, but with a greater
proportion of the metallic tubes.
Finally, at doping step 7, corresponding to a C/K = 125, α reaches zero. The electronic
density of states is thus a constant (E0 = 1), which is exactly the density of states of a
Fermi liquid. Fig. 6.4 shows that at the same time, the shape of the photoemission response
around zero binding energy resembles a Fermi edge, an observation which is supported by
the higher doping steps presented below. The drop of α to zero and the evolution of a Fermi
edge happen at a shift of the S1 vHs of 0.37 eV, which is the point where the vast majority
of tubes which were semiconducting in the pristine state have been made metallic by filling
states in their conduction band (region III in Fig. 6.9). At this point, the striking analogy to
the evolution of the C1s peak asymmetry upon doping as discussed above, should be noted.
As illustrated by Fig. 6.2, the asymmetry, which is an approximate measure for the amount
of metallic tubes in the sample, starts to increase at the same doping levels where α starts
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to decrease, further supporting the conclusion that the decrease of α can be attributed to
making previously semiconducting tubes metallic.
Obviously, the behavior of a bundle of now only metallic tubes no longer exhibits the
power law scaling typical for one-dimensional metals. Instead, a Fermi liquid behavior, typi-
cal for metals in three dimensions, is observed. This signifies that – although every individual
nanotube in the bundle is still a one-dimensional object – the overall one-dimensional behav-
ior is destroyed in favor of a three-dimensional Fermi liquid behavior. Possible explanations
can be found in an increasing hopping between the tubes in the bundle, which, according to
theoretical works [120], leads to a crossover from a TLL to a FL. In addition, the long-range
Coulomb interaction between the charge carriers can be screened by neighboring tubes.
Figure 6.10: Double-logarithmic represen-
tation of the photoemission spectra mea-
sured near the Fermi energy on pristine and
Li doped SWCNTs. The fits up to 0.2 eV
provide the values plotted vs the Li/C ratio
in the bottom inset. In the top inset the
valence band shapes measured on pristine
(rescaled) and doped (Li/C = 0.05) SWC-
NTs are compared. Figure from [155].
The results can thus be interpreted as a doping-induced crossover from a TLL to a FL
in bundles of SWCNTs. These results were recently confirmed by Li-doping experiments
on mats of SWCNTs [155]. Fig. 6.10 illustrates that a similar transition from TLL to FL
was observed as a function of Li-concentration. The power law behavior was confirmed
on the double-logarithmic scale and α decreased upon doping although a different slope
of α was observed. Very similar behavior was also observed in transport experiments on
MWCNTs [156]. The electronic states can be tuned in the sense that the Fermi level is
shifted through the band structure, i.e. similar to the chemical doping described above,
by applying a gate voltage through a back gate. Transport through MWCNTs is equally
characterized by power law behaviors but its origin is still unclear. Both a TLL behavior
and a non-conventional Coulomb blockade regime can explain the results (see section 4.2).
The power law scaling is obtained by measuring the temperature-dependent conductance
which is found to behave as G(T ) ∼ Tα. Fig. 6.11 shows the dependence of the power
law exponent α on the gate voltage. Without the presence of the gate voltage, α = 0.64
is found. α decreases with increasing gate voltage until finally a temperature-independent
conductance with α = 0 is observed, as expected for a Fermi liquid. This decrease of α
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can be explained with an increasing number of conduction channels: Whereas only the
outermost shell of the MWCNTs contributes to the conductance at zero gate voltage, an
increasing gate voltage leads to a contribution of more shells, thereby effectively decreasing
α. Another possible explanation is that more and more shells are rendered metallic and
increasing hopping or screening of Coulomb interactions leads to a more three-dimensional
behavior.
Figure 6.11: Correlation between the
power law exponent α and the gate volt-
age in an end-contacted MWCNTs [156] (see
text). The α values were estimated from the
slope of log G vs log T plots.
6.4 High doping
The final aspect of the doping behavior of SWCNT bundles to be discussed are the high
doping steps. Fig. 6.12 depicts the results of the UPS measurements. Here the spectra from
C/K = 180, the last doping step where a finite power law exponent α could be obtained up
to a doping level of C/K = 15, the highest achievable doping step, are shown.
The most obvious observation is the significant increase in spectral weight at the Fermi
level upon doping. Especially at doping levels C/K = 100 and higher, a clear Fermi edge
can be seen. The photoemission response drops rapidly from a finite value to zero at the
Fermi level. As an example, the spectrum of the highest doping level was fitted with a
Fermi function which was broadened by a Gaussian distribution to incorporate the finite
temperature and resolution. The procedure is the same as in section 5.3, where the spectrum
of the pristine SWCNTs was fitted with a power law, only that in this case α was set to
zero in order to obtain a constant density of states. Fig. 6.13 depicts the resulting fit of
the highly-doped SWCNT response. When the actual parameters from the experiment
to describe finite temperature and resolution are used, the photoemission response of the
highly doped SWCNTs is described very well by the Fermi function fit, further proving the
assumption that instead of a one-dimensional TLL, a bundle of only metallic SWCNTs is
a three-dimensional electronic system which exhibits Fermi liquid behavior. This is also in
very good agreement with the emergence of a free charge carrier plasmon observed in EELS
measurements [68] and the strong asymmetry of the C1s response which indicates metallic
behavior and a strong density of states at the Fermi level. In addition, the increase of the
asymmetry starts at the same doping step where the metallic ground state began with a
crossover from a TLL to a FL.
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Figure 6.12: Photoemission response near
the Fermi level for high doping levels. The
numbers give the C/K ratio and the arrow
indicates the position of the electron-phonon
coupling satellite as described in the text.
The peaks originating from the van-Hove singularities in the density of states can still
be identified at the two lowest depicted doping steps, although they are already broadened
compared to the pristine state. Upon increasing charge transfer, they broaden even more
and finally vanish completely. This can be explained by effects such as an increasing num-
ber of scattering centers (K+ counter-ions) and increasing inter-tube interaction within the
SWCNT bundle in the intercalation compound. The overall shape of the spectra of these
highly doped samples is also very similar to the corresponding GIC [149].
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Figure 6.13: Fit of the photoemission re-
sponse of the highest doping step (C/K = 15,
black squares) with a Fermi function broad-
ened by a Gaussian distribution (solid line).
According to our discussion in the previous section, at doping levels of C/K = 125 and
higher, states in the conduction band of the previously semiconducting tubes are also filled.
Interestingly, no sign of the van-Hove singularities can be observed in the conduction band
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(especially S⋆1). On the other hand a satellite in the photoemission response occurs at about
200 meV (marked by the arrow in the figure) for all highly doped samples, which is very
close to the frequency of the G-Line of the doped SWCNTs4 [89]. Hence, it is tempting to
explain this as a redistribution of the spectral weight by electron phonon coupling. This
explanation is also supported by the close analogy of the line shape to the low temperature
photoemission spectra of the metallic C60 intercalation compound K3C60, which is dominated
by strong satellites due to coupling to phonons and to the charge carrier plasmon [137].
In addition, the strong electron-phonon coupling also explains the absence of the above-
mentioned photoemission peaks related to the S⋆1, S
⋆
2, and M
⋆
1 vHs. Together with a coupling
of the electrons to the aforementioned plasmon it causes a strong broadening of these peaks.
6.5 Summary
The doping behavior of bundles of high purity SWCNTs with a narrow diameter distribution
was analyzed in this chapter. Using photoemission spectroscopy, the different spectroscopic
features in the valence band and the core level states were analyzed. The results of the
n-type doping experiments presented in this chapter can be explained well within the rigid
band-shift model, i.e. the charge transfer from the intercalant leads to a filling of previously
unoccupied states and the Fermi level shifts continuously into the conduction band without
a change in the band structure itself. The shift was monitored by gradual increases of the
binding energy of the C1s states and the π and σ bands. The shift of the Fermi level was
even be observed individually for the metallic and semiconducting tubes respectively by
analyzing the change of the respective vHs binding energies upon doping. It was found that
the Fermi level of the two types of tubes does not change synchronously.
Figure 6.14: Schematic view of an undoped SWCNT bundle (left) consisting of 1/3rd semicon-
ducting (open circles) and 2/3rd metallic (black circles) tubes which is transformed to a bundle
consisting only of metallic tubes (right).
The key point of the investigations was what happens if a bundle which consists of a
mixture of semiconducting and metallic tubes in the pristine case is doped high enough, that
the semiconducting tubes become also metallic. This situation is illustrated in Fig. 6.14.
Two important observations were made in this regard, the first of which concerns the asym-
metry of the C1s peak. The asymmetry stays constant at the first few doping steps and
4The G-line is usually found in Raman spectroscopy around 1590 cm−1. 1 eV corresponds to 8086 cm−1,
the G-line energy is thus 197 meV.
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then increases continuously, indicating an increasing density of states at the Fermi level for
the whole system. The second observation concerns the TLL power law scaling factor α
which is a fingerprint of whether a metal exhibits a one-dimensional or three-dimensional
behavior. Just like the C1s peak asymmetry, it stays constant at first. It then starts to
decrease at exactly the doping level, where an initial filling of the semiconducting tubes
conduction band is to be expected from the shift of the vHs peak of these tubes. Upon fur-
ther doping, all semiconducting tubes have finally been made metallic by a filling of states
in their conduction band. At this point, α reaches zero, which is synonymous for Fermi
liquid behavior in TLL theory. At the same time, the evolution of a clear Fermi edge can
be observed. Interestingly this development takes place at the same doping steps where the
increase of the C1s peak asymmetry sets in. This further supports our conclusion that both
effects are due to a shift of the Fermi level into the conduction band of the semiconducting
tubes so that all tubes in the bundle are metallic.
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Figure 6.15: Spectral response from
SWCNTs in the pristine and highly
doped state (C/K = 20). The spec-
trum according to the pristine state is
upscaled for clarity.
The metallic character remains on further doping, the density of states at the Fermi level
increases concomitant with the evolution of a charge carrier plasmon observed in EELS and
the increasing line width of the C1s peak. Hence the overall behavior can be interpreted as
a crossover from a one-dimensional Tomonaga-Luttinger liquid to a three-dimensional Fermi
liquid. This transition is caused by a strong screening of the Coulomb interaction between
charge carriers in neighboring nanotubes and/or by the fact that in a bundle of metallic tubes
only, the hopping matrix element between the tubes is strongly enhanced, thus yielding a
more three-dimensional electronic structure. Fig. 6.15 once again illustrates this crossover
by opposing the spectra of the pristine SWCNTs which exhibit TLL behavior with the
highly doped spectrum which, clearly displays a Fermi edge typical for three-dimensional
metals.
7 Electronic properties of pristine and
doped C60 peapods
The previous chapter showed how a controlled modification of the electronic structure of
a bundle of SWCNTs led to a qualitative change in the nature of the metallic ground state.
The filling of SWCNTs is another way to modify the properties of SWCNTs. It was shown
that new electronic states which originate from the C60 filling are introduced in the hybrid
system.
In this chapter, the interplay of the respective electronic structures of C60 and SWCNTs
will be a subject of investigation. Furthermore, the influence on the metallic ground state
will be analyzed. This is of particular interest since the properties of the TLL behavior
are predicted to change upon the emergence of new conduction bands. The role of these
bands will first be studied in the pristine case. A doping series similar to that performed
on SWCNTs will give insight into the way the charge transfer modifies the collective elec-
tronic structure of the compound. This behavior will be compared to that of its individual
constituents. Again, special emphasis is placed on the analysis of the TLL behavior upon
doping. In particular, the states of the C60 filling in the conduction band have to be con-
sidered. The possibility of C60 chains forming one-dimensional conduction channels upon
doping is discussed.
7.1 Electronic structure of pristine C60 peapods
Valence band properties of C60 peapods
In order to elucidate the questions raised above concerning the properties of the electronic
structure of C60 peapods, PES experiments were carried out in the valence band region.
Fig. 7.1 shows the UPS spectrum of C60 peapods in comparison to those of SWCNTs and
solid C60. The spectra are taken at 21.1 eV excitation energy.
As discussed previously, the SWCNT response consists of contributions from the σ- and
π-bands which represent the strong in-plane bonding and the weak bonding perpendicular
to the graphene plane respectively. These features are observed equally in the C60 peapod
spectrum and this at exactly the same binding energies as in SWCNTs, i.e. at 3.1 and
8.5 eV respectively. In addition, Fig. 7.1 exhibits some differences of the peapod spectrum
from that of SWCNTs. They are evoked by the contributions of the C60-derived molecular
orbitals. Peaks according to the six highest occupied molecular orbitals (HOMOs) of C60
can be identified in the figure. The hu-derived band (HOMO) and the hg+gg-derived band
(HOMO -1,2) can be found at binding energies of 2.3 eV and 3.6 eV respectively while the
HOMO-3 and HOMO-4 are located at 5.5 eV and 6.1 eV binding energy. In Fig. 7.1, these
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Figure 7.1: Comparison of the UPS Va-
lence band spectra of C60 peapods, SWC-
NTs and C60. The dashed vertical lines de-
note the correspondence of features in the
peapod spectrum with the molecular orbitals
of C60.
features which are assigned to the C60 filling, are linked to the corresponding peaks in the
spectrum of solid C60 by vertical lines. It becomes clear that every additional peak in the
peapod spectrum finds its equivalent at the same binding energy in the C60 spectrum. The
C60 peapod response is thus assembled from contributions from the SWCNT host and the
C60 filling, each at the same binding energies as in the individual compounds.
Next, a detailed analysis of the region close to the Fermi level is carried out. The spec-
trum for the region with binding energies up to 1.7 eV is depicted in Fig. 7.2. Considering
that all contributions from the C60 filling over the whole valence band region are found at
the same binding energy as in pure C60, no contribution from its molecular orbitals is ex-
pected in this energy range. And indeed, the spectrum very much resembles that of pristine
SWCNTs (compare Fig. 5.4). Similar to SWCNTs, peaks in the photoemission response
which originate from the two first van Hove singularities (vHs) of the semiconducting tubes
(S1, S2) and the first vHs of the metallic tubes (M1) can be observed. They can be found at
binding energies of 0.46 eV (S1), 0.78 (S2) and 1.04 eV (M1). These values are in very good
agreement with the vHs positions obtained from SWCNTs where the peaks were found at
0.45 eV, 0.75 eV and 1.0 eV respectively. Note that no notable increase in spectral weight
at the Fermi level which could possibly ascribed to a contribution of C60 molecular orbitals
can be observed in comparison to SWCNTs. This contradicts LDA calculations [72] which
predict the t1u band which is completely unoccupied in pure C60 to cross the Fermi level if
C60 is encapsulated by a metallic SWCNTs.
From the valence band photoemission results it can thus be concluded that the inter-
action between the electronic states of the peapod constituents is very weak. This was
also concluded from EELS measurements [94]. Previous photoemission measurements [56]
yielded similar values leading to the same conclusion that the respective electronic struc-
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Figure 7.2: Valence band spectrum of C60 peapods near the chemical potential. Right panel:
VHs region. Left panel: Double-logarithmic representation. The value for α is obtained from the
linear fit (black line).
tures of the SWCNT host and the C60 guest remains mainly unperturbed by each other.
Below, it will be discussed if the one-dimensional character of the electronic structure of the
SWCNT host, i.e. the TLL behavior, is also retained and how it could be influenced by the
C60 filling.
Tomonaga-Luttinger liquid behavior
In SWCNTs, the electrons in metallic tubes form a Tomonaga-Luttinger liquid which is
expressed amongst others in a power law renormalization of the electronic density of states
near the Fermi level. Above it was shown that the electronic structures of the peapod
constituents are largely unaffected by each other. Therefore, it is also expected that the
one-dimensional electronic structure of the SWCNT shell is conserved and that peapods
with a metallic SWCNTs encapsulating the C60 molecules can also be regarded as Luttinger
liquids. In the case of SWCNTs the TLL behavior was demonstrated by a power law behavior
of both the electronic density of states and the temperature dependence of the conductance.
Similar power law exponents α (0.46 and 0.48 respectively) were obtained [55]. In order to
get the power law exponent for the C60 peapods, a linear fit of the photoemission response
on double-logarithmic scale in the binding energy region from 0.02 up to 0.25 eV was carried
out. The result is shown in the right panel of Fig. 7.2. The resulting value of α=0.49 is
slightly increased compared to SWCNTs but still comparable enough to conclude that the
behavior observed is similar to that of SWCNTs.
Based on the work by Okada et al. [72] discussed above, Que calculated the TLL renor-
malization for the case of C60 peapods [157]. The power law scaling factor α depends on
the Luttinger parameter g as
α =
g−1 + g − 2
8
. (7.1)
A SWCNT power scaling factor α = 0.43 corresponds to g = 0.18. The LDA band structure
calculation of C60 encapsulated in metallic SWCNTs revealed two additional bands – the C60
t1u bands – crossing the Fermi level. Under this assumption Que calculated the Luttinger
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parameter gp for peapods as
1
g2p
=
2
g2t
− 1 , (7.2)
where gt is the Luttinger parameter for SWCNTs. Based on the values derived for SWCNTs,
the resulting Luttinger parameter for peapods is gp = 0.13, yielding a peapod power law
scaling factor αp = 0.73. This significant deviation from the value obtained from SWCNTs
– caused by assumption that C60 derived bands cross the Fermi level – is not observed.
Together with the fact that the spectral weight at the Fermi level is basically unchanged
from that of SWCNTs, this leads to the conclusion that this assumption is most probably
not true.
C60 peapod conduction band properties
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Figure 7.3: X-ray absorption spectra of C60 peapods and SWCNTs. Left panel: Comparison
of the spectra from C60 peapods, SWCNTs, the subtraction of the SWCNTs from C60 peapods
and solid C60 (from top to bottom) in the range between the SWCNT π
⋆ and σ⋆ bands. The
vertical dashed lines denote the features which are attributed to the excitation into the unoccupied
molecular orbitals of C60. Right panel: More detailed representation of the π
⋆ region. The fine
structure from the vHs of the SWCNTs is marked with the arrows.
Finally, the conduction band properties of the C60 peapods as they are obtained by x-ray
absorption spectroscopy are discussed. The partial yield measurements were performed at
7.1 Electronic structure of pristine C60 peapods 87
the BESSY UE52-PGM beamline under the same experimental conditions as those presented
in section 5.4. The left panel of Fig. 7.3 depicts the conduction band range of C60 peapods in
comparison to SWCNTs and C60. The C60 spectrum was taken from a C60 film evaporated
on the SWCNT sample before equilibration led to the formation of the peapods. The C60
film was thick enough that no response from the underlying SWCNTs could be detected.
The π⋆ and σ⋆ bands of the SWCNT shell are common to the two spectra of C60 peapods
and SWCNTs, and can be found at respective excitation energies which are identical for
SWCNTs and C60 peapods. In the C60 peapod spectrum some additional features can be
identified, eg. at both ends and at top of the π⋆ peak as well as a peak roughly in the middle
between the π⋆ and σ⋆ bands. They are marked with vertical dashed lines in the figure.
These features are attributed to excitations into the unoccupied molecular orbitals of the C60
filling. The lowest curve in Fig. 7.3 shows the XAS spectrum of solid C60 which is in good
agreement with previous XAS measurements [158,159]. As in the valence band spectrum of
C60 peapods, every feature in the C60 peapod spectrum attributed to the C60 filling has a
corresponding peak in the C60 spectrum. This correspondence is not only qualitative, but
the peaks are also found at the same excitation energies as indicated by the vertical lines.
Again, just as in the valence band, the conduction band investigations clearly demonstrate
that the electronic structure of the hybrid compound consists of the nearly undisturbed
contributions of the two constituents.
The right panel of Fig. 7.3 shows the π⋆ region of C60 peapods and SWCNTs. In
SWCNTs, a fine structure originating from absorptions from the unoccupied vHs from
both, metallic and semiconducting tubes was observed. This fine structure can equally
be recognized in C60 peapods, although the peaks are somewhat less pronounced. They are
again found at the same excitation energies as in unfilled SWCNTs, indicating that the C60
filling does not perturb the SWCNT electronic structure on this energy scale either. Three
features from the C60 filling can be observed in this absorption energy region, one on the
lower energy side of the π⋆ peak, one on the higher energy side and one near the top. These
absorptions are assigned to the unoccupied t1u orbital, the hg orbital and the hu orbital
as indicated in the figure. It was discussed before that particularly the location of the t1u
derived band in C60 peapods is of importance for the following doping experiments. Due to
the excitonic character of the XAS spectra, no assertion can be made concerning the exact
location of the t1u band with respect to the Fermi level. However, one important observation
can be made: The absorption from the t1u band is well below the absorption of the first
unoccupied vHs of the semiconducting tubes, S⋆1 in the pristine state. This contradicts
calculations discussed above where the C60 bands in C60 peapods were shifted rigidly by
approximately 1 eV into the conduction band – in order to account for STS results [83,88].
In summary, the XAS measurements reveal conduction band properties of the C60 peapods
very similar to those of the individual compounds.
Summary: Pristine C60 peapods
In this section the valence and conduction band properties of pristine C60 peapods were dis-
cussed and compared with those of its individual compounds, SWCNTs and C60 fullerenes.
In both valence and conduction bands, the basic features from the constituents of the C60
peapods– i.e. the occupied and unoccupied π and σ bands as well as molecular orbitals
derived from C60– are found at the same energies as in the individual compounds. In the
same way, the fine structures in the valence and conduction band, originating from the vHs
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in the electronic density of states of SWCNTs, were reproduced for C60 peapods, again at
the same binding/excitation energies as in the individual compounds. It can therefore be
concluded, that in C60 peapods the electronic structure is basically a superposition of the
respective electronic structures of the individual compounds, a measurable hybridization
does not take place. In addition, a TLL behavior is observed for the C60 peapods with a
similar power law scaling factor α to that in SWCNTs. This means that the one-dimensional
character of the electrons in the metallic SWCNT hosts is unaffected by the C60 filling.
The stability of α upon filling with C60 together with the unchanged spectral weight at
the Fermi level of C60 peapods compared to SWCNTs leads to the conclusion that the t1u
derived band does not cross the Fermi level, nor is it shifted far into the conduction band as
revealed by the XAS measurements. From the fact that the both occupied and unoccupied
molecular orbitals are located at the same binding energies or excitation energies as in pure
C60, it can instead be concluded that the t1u derived band is located somewhere near the
Fermi level, just like in solid C60, as was also predicted by some calculations [85]. We thus
expect the t1u band approximately 0.2 eV above the Fermi level, i.e. well below the first
unoccupied vHs of the semiconducting tubes. A doping-induced shift of the Fermi level into
the conduction band should thus lead to results distinct from those obtained on SWCNTs
due to the role of the t1u derived band. In the following sections the doping experiments
are carried out and analyzed, focussing especially on the role of the t1u band.
7.2 Doping behavior of the C60 peapod valence band
In the following sections, the influence of potassium doping on the electronic band structure
of C60 peapods will be investigated in a similar way to that of SWCNTs presented in the
previous chapter. As in the case of SWCNTs, the doping level was obtained using C1s core
level PES by measuring and comparing the response from C1s and K2p electrons. In the
low doping regime where the K2p signal was too weak to be analyzed, the doping level was
estimated by the shift of the M1 vHs peak, using the relation between the shift and the
charge transfer obtained for SWCNTs.
π band and molecular orbitals
Theoretical calculations for C60 encapsulated in both semiconducting and metallic nanotubes
predict the lowest unoccupied molecular orbital, the t1u-derived band, close to the chemical
potential [85, 160, 161], leaving open the question where exactly this band is located with
respect to the Fermi level. In the pristine state of the C60-peapods, no spectral weight in
the valence band can be assigned to this band. To further investigate this, first the already
well-established doping dependence of the valence band spectrum of bulk C60 is discussed.
The left hand side of Fig. 7.4 depicts the PES spectra of the C60 phases for binding energies
up to 5.5 eV. Due to preferential sites of the doping atoms in the fcc lattice, so-called line
phases appear in doped C60 [61, 162]. They are shown in the figure where the numbers
correspond to the x in KxC60. It is well known that out of all possible phases, only the
K3C60 phase is metallic, its metallic nature can easily be identified in the figure. The hu-
derived and the hg+gg-derived band are observable in the pristine state. In the α-phase, the
sample is doped such that the t1u orbital is pinned to the chemical potential. This results
in a shift of the hu-derived band and the hg+gg-derived band to higher binding energies by
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approximately 0.2 eV. Assuming that at these low doping levels the electronic structure of
the α-phase is not drastically changed from that of pristine peapods, the position of the t1u
orbital is hence estimated to be approximately 0.2 eV above the chemical potential in the
pristine state, in good agreement with inverse photoemission results on C60 [77].
5 4 3 2 1 0 5 4 3 2 1 0
6
EF
t1u
3
hu
1
N
or
m
al
iz
ed
 in
te
ns
ity
Binding energy (eV)
N
or
m
al
iz
ed
 in
te
ns
ity prist.
KxC60
250
40
14
18
32
12
140
1000
hu
hu
hg+gg
t1u
pristine
EF
4
hg+gg
Binding energy (eV)
C/K
Figure 7.4: Doping dependence of the C60 peapod valence band (right panel) compared to solid
C60 taken from Ref. [76] for the KxC60 (x = 0, α, 3, 4, and 6) and from Ref. [163] in the case of
the Rb1C60 spectrum (left panel). The numbers in the figures correspond to the x in AxC60 (A =
K, Rb) in the case of solid C60 and to the C/K ratio in the case of C60 peapods.
The right hand side of Fig. 7.4 shows the doping dependence of the C60 peapods. One
can distinguish between features derived from the SWCNTs - here the π-band - and those
derived from C60. In this region, these are the two highest occupied molecular orbitals. The
position of the π-peak is marked in the figure by black squares. Upon increasing doping,
this peak shifts continually to higher binding energies with a maximum shift of about 0.6 eV
for a C/K ratio of 12. This observation is consistent with observations made on SWCNTs in
the previous chapter and fits well in a rigid band shift model, where previously unoccupied
states in the conduction band are filled, leading to a shift of the chemical potential.
The C60-related features in the figure are the hu-derived and the hg+gg-derived band. On
increasing doping, both features start to broaden and smear out. At the two highest doping
levels the hg+gg-derived band can no longer be identified individually as it merges with the
π-band feature from the SWCNTs, while the hu-derived band (marked in the figure with
grey circles) can still be observed. Its position is first shifted gradually to higher binding
energies up to 0.25 eV at a doping level of C/K = 40 but then moves back to lower binding
energies. It finally settles at a binding energy of 2.1 eV, 0.2 eV lower than in the pristine
state. This behavior shows that for the part of the electronic structure which is derived
from the C60 peas, the simple rigid band shift model cannot be applied as easily as in the
SWCNTs. But it is also not suitable to simply transfer the results obtained on solid C60
to C60 peapods, as there are important differences between solid C60 and C60 chains inside
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SWCNTs. The main difference is that in C60 peapods, no line phases are expected due to
the fact that the preferential sites do not exist in the chains. This was already observed by
Raman measurements where the charge transfer to the C60 was monitored by the position
of the Ag(2) Raman mode of C60 [89,90]. This mode shifts to lower frequencies by about 6.5
cm−1 per electron transferred to the C60 ball and by 3 cm
−1 per chemical bond. A continuous
charge transfer to the C60 peas was observed with the highest doping level corresponding to
a C60
−6 single-bonded polymer.
In the case of C60, a new band develops in the vicinity of the chemical potential already
at low doping. This band is identified as the t1u-derived band. Upon increasing doping, its
spectral weight also increases and it is located at binding energies between the Fermi level
(K3C60) and 0.82 eV (K6C60). This cannot be observed in the doped peapods. Assuming a
homogenous distribution of the additional charge between the tubes and the C60-molecules
and an electronic structure of the two components as in the individual compounds (i.e.
SWCNTs and solid C60), the t1u-derived band should appear at a C/K ratio of 60. However,
no t1u peak can be observed even at C/K = 32 and higher doping levels. Hence the absence
of this band in the spectrum cannot be attributed to the competitive charge transfer, i.e. an
inhomogeneous distribution of the additional charge between SWCNT hosts and C60 peas
as it was seen in Raman measurements [89]. Thus the absence of the t1u-derived band can
only be explained by a strong broadening so that a clearly different behavior of the C60
molecular orbitals upon charge transfer compared to that of solid C60 is observed.
VHs fine structure
Figure 7.5: Left panel: Doping dependence of C60 peapods near the chemical potential. The
shift of the vHs derived from the semiconducting (S1, S2) and metallic tubes (M1) is indicated
by the arrow (not all spectra shown). The numbers next to the graph indicate the C/K value
as derived from the M1 shift (see text). Right panel: Illustration of the vHs binding energies
obtained from the valence band spectra.
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The left panel of Fig. 7.5 depicts the photoemission response of C60 peapods in the
case of lower doping levels (up to C/K = 70). It can clearly be seen that with increasing
charge transfer, the van-Hove singularities are shifted to higher binding energies. This shift
is indicated in the figure by the arrows. The shift of the vHs is caused by a shift of the
chemical potential due to the gradual filling of states in the conduction band of the metallic
nanotubes within the SWCNT bundles. The right panel of Fig. 7.5 summarizes the peak
positions of the first two vHs from the semiconducting tubes, S1 and S2 as well as the
first vHs from the metallic tubes, M1. In contrast to SWCNTs, where the M1 peak shifts
significantly less at the first few doping steps (see Fig. 6.5), the peak position evolve nearly
parallel.
Interestingly, no clear sign of the C60 t1u-derived band can be observed in the spectra
at these doping levels. In the case of similar behavior to the weakly doped K1C60-phase,
it would be expected at binding energies around 1.0 eV and indeed an increase in spectral
weight is observed in this region, especially at doping levels between C/K = 1000 and C/K
= 250. But it cannot be assigned to the t1u-derived band, as exactly the same behavior can
be observed in the doping dependence of SWCNTs as shown in the previous chapter. At
doping levels above C/K = 250, the spectral weight at the Fermi level increases progressively.
This increase cannot be explained with a continued filling of bands of the metallic SWCNTs
because these bands have a constant density of states in this region. Nor can a filling of
states in the conduction band of the semiconducting tubes serve as an explanation, because
the shift of the first van Hove singularity of these tubes is not yet high enough to allow such
a conclusion. Therefore it must be attributed to the beginning filling of bands originating
from the C60 molecular orbitals. The only reasonable candidate is the t1u-derived molecular
orbital, although the charge transfer is still far from high enough for to create a phase similar
to the metallic phase in solid C60. This would again mark a clearly distinct behavior of the
C60 chains inside SWCNTs from that of bulk C60.
7.3 Nature of the C60 peapod metallic ground state upon
intercalation
Valence band photoemission of pristine C60 peapods revealed a power law scaling of the
spectral weight near the Fermi level which was attributed to a Tomonaga-Luttinger liquid
behavior. The scaling factor α was found to be comparable to that obtained on SWCNTs.
It was already mentioned that filling with C60 molecules should have a certain influence on
the doping behavior. In particular, the role of the lowest unoccupied molecular orbital, the
t1u-derived band, has to be considered. In order to further investigate the TLL-behavior
of C60 peapods, the intercalation series is analyzed in analogy to that on SWCNTs in the
previous chapter.
In SWCNTs, the renormalization of the spectral weight was demonstrated on a double-
logarithmic scale. Here, a linear behavior denotes a power law scaling of the photoemission
response. A linear fit on the double-logarithmic representation of the photoemission re-
sponse in the vicinity of the chemical potential yields the power law exponent α within an
experimental error of ±0.024. In SWCNTs, the fit was carried out in the binding energy
region between 0.02 and 0.2 eV since neither limited resolution and thermal broadening nor
features in the density of states interfere with the renormalization of an otherwise constant
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Figure 7.6: Double-logarithmic representa-
tion of the spectral response of C60 peapods
near the Fermi level. For the pristine state
and the highest doping level depicted the lin-
ear behavior is indicated by a line and the
resulting power law scaling factor α is given.
density of states of the metallic tubes in this region. Furthermore, the energy scale of the
TLL behavior was estimated to correspond approximately to this region. The same reason-
ing applies to C60 peapods. The highest occupied molecular orbital is situated at 2.3 eV
binding energy, well above the Fermi level. The lowest unoccupied molecular orbital does
not cross the Fermi level as was shown by the unchanged spectral weight and power law
scaling factor in the pristine case.
Fig. 7.6 depicts the double-logarithmic representation of the C60 peapod response near
the Fermi level at low and medium doping steps. It clearly shows that the power law
behavior is retained upon doping and an evaluation of α is justified in the case of the
depicted doping steps. Tab. 7.1 summarizes the resulting values together with the dopant
concentration C/K and the shift of the first vHs, of the semiconducting tubes, ∆S1, which
is a measure for the Fermi level shift. In order to analyze the TLL behavior upon doping in
more detail, Fig. 7.7 depicts the resulting values of α versus the doping level in comparison
to those values acquired from the doping of SWCNTs. In the case of SWCNTs the power
law scaling factor stayed constant as long as only states of the metallic tubes were filled
with doping electrons. Upon increasing charge transfer α rapidly dropped to zero. This
drop was attributed to a subsequent filling of the conduction band of the semiconducting
tubes, thus rendering them metallic. The overall doping behavior was divided into three
regions corresponding to different rigid shifts in the band structure (see Fig. 6.8). In the
first region, only states of the metallic tubes are filled, α stays constant. In the second
region, states in the conduction band of the semiconducting tubes are filled, starting with
those tubes with the biggest diameter leading to a continuous decrease of α. In the third
region, all tubes in the SWCNT bundles are rendered metallic. A Fermi liquid behavior
where α = 0 is observed. It was concluded that a bundle of then only metallic tubes
loses its one-dimensional electronic structure due to screening of the Coulomb interaction
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and/or enhanced hopping between the tubes and consequently a loss of the one-dimensional
character.
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Figure 7.7: Change of the power law scal-
ing factor α as a function of the doping level
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in Tab. 7.1 and Fig. 7.8.
Also in C60 peapods, the power law scaling factor α stays constant and then starts to
decrease. However, this decrease now starts already at C/K values of about 500 (K/C
= 0.002). The corresponding shift of the first vHs of the semiconducting tubes is only
0.1 eV, so that the decrease can certainly not be regarded as a result of doping of the
semiconducting tubes which is expected to start only at shifts of S1 around 0.3 eV where
the largest diameter tubes with the narrowest distance between vHs become metallic. Not
only does the decrease of α start at smaller shifts of S1, it also does not reach zero rapidly,
as was the case for SWCNTs. Instead, it appears to slow down in the region where S1 is
shifted between 0.15 and 0.22 eV. Interestingly, no filling of conduction band states of the
semiconducting tubes is expected in this region. A change in the power law renormalization
can thus only be attributed to the role of the t1u-derived band of the C60 filling. Upon
increasing doping, at shifts of S1 between 0.26 and 0.34 eV, α decreases even more until
it can finally no longer be evaluated at ∆S1 = 0.37 eV where a Fermi edge is observed.
A non-zero result of a linear fit of the double-logarithmic representation would have to be
ascribed to the particular band shape as well as a redistribution of spectral weight due to
electron-phonon coupling as explained further below. This is at the same time the ∆S1
where in SWCNTs all tubes were driven metallic.
Since neither the filling of metallic states of the SWCNTs nor the filling of the conduction
band of the semiconducting tubes can provide an explanation of either the decrease of α
or the increase of spectral weight at the Fermi level, the role of the unoccupied molecular
orbitals of the encapsulated C60 has to be considered. Interestingly, both occurrences happen
exactly at the point where - in a rigid band shift model - one would expect to start filling
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Step ∆S1 / eV C/K α
pristine 0 - 0.49
1 0.02 1500 0.52
2 0.10 450 0.43
3 0.15 240 0.36
4 0.20 200 0.33
5 0.22 185 0.35
6 0.26 130 0.24
7 0.27 95 0.23
8 0.34 70 0.19
9 0.37 55 ≈ 0
Table 7.1: Overview of the values derived from the respective doping steps: Shift of the first vHs
of the semiconducting tubes (∆S1), carbon to potassium ratio (C/K) and the power law scaling
factor α derived from the linear fit on the double-logarithmic scale.
the t1u-derived molecular orbital of C60. It was expected to lie approximately 0.1 - 0.2 eV
above the chemical potential with a band width of about 0.2 eV. The decrease of α starts
at ∆S1 = 0.15 eV.
The situation is now interpreted in the picture of a rigid band shift. Although this
model could not be applied to solid C60 due to the occurrence of line phases, its application
is justified in this case because a) no line phases can be observed in C60 peapods and b)
the doping levels used for this interpretation are still below a doping corresponding to the
K1C60 phase in solid C60. Fig. 7.8 provides a simplified explanation of what is happening
upon doping. A schematic view of the combined band structure of SWCNTs and C60 around
the K point is shown on the left hand side and a sketch of the combined electronic density
of states of both components is given on the right hand side. The diagonal grey lines
correspond to the metallic bands which cross the Fermi level at the K point while the black
parabola correspond to the bands of the semiconducting tubes with a direct semiconducting
gap at the K point of about 0.6 eV. The horizontal line and the striped rectangle represent
the C60-related t1u-derived band in the respective figures at a position of 0.2 eV above the
Fermi level and an estimated width of 0.2 eV 1.
Similar to SWCNTs, the doping dependence is divided into regions, with the exception
that in C60 peapods four of those region are identified. They are characterized by ∆S1, i.e.
the shift of the Fermi level, and indicated in the figure by differently shaded areas in the
band structure representation and denoted with Roman numerals. The same regions are
indicated and labelled in Fig. 7.7.
Region I correspond to shifts of S1 between 0 and 0.10 eV (doping steps 0-2). In this
region, α is unchanged within the experimental error and it can be interpreted in the same
way as the corresponding region in SWCNT: Only states in the conduction band of metallic
SWCNTs are filled, neither the C60 t1u-derived band nor the conduction band of the semi-
conducting tubes is reached. The behavior typical for one-dimensional metals is retained.
From this, it can also be concluded that the t1u-derived band is not pinned at the Fermi
level for very low doping levels as was expected elsewhere [85,160,161].
1The width of the C60 t1u-derived band in peapods is estimated to be lower than in solid C60 due to a
reduced nearest-neighbor coordination from 12 in fcc C60 to 2 for the C60 peas.
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Figure 7.8: Schematic representation of the electronic band structure of C60 encapsulated in
SWCNTs. In both figures the grey lines represent the metallic bands whereas the semiconducting
bands are drawn in black. The horizontal lines in the left figure indicate the Fermi level shift of the
different doping levels and are accordingly marked with the numbers which correspond to the values
in Fig. 5. The grey area on the right figure indicates filled states in the pristine peapods while the
striped rectangle represents the C60 t1u-derived band which is not filled in pristine peapods. The
latter is marked on the left figure with a horizontal line.
The situation changes with doping steps three to five, corresponding to S1-shifts between
0.15 eV and 0.22 eV. The Fermi level is now shifted into the t1u-derived band of C60 which
results in both an increase of spectral weight at the Fermi level and a decrease of α to
approximately α = 0.35 as can be concluded from Figures 7.5 and 7.7 respectively. It seems
that as long as the Fermi level is shifted into the t1u-derived band of all peapods while the
conduction band of the semiconducting tubes is still not reached, α stays constant.
Theoretical calculations for multi-wall carbon nanotubes (MWCNTs) predict a depen-
dence of the power law scaling factor α on the number of one-dimensional conduction chan-
nels, i.e. the number of bands crossing the chemical potential [130]. With an increasing
number of conduction channels a decrease of α is expected and the transport experiments
on MWCNTs [156] discussed in section 6.3 could indeed be interpreted in this way. In this
light it is tempting to interpret the behavior of α as an opening of additional conduction
channels. For this interpretation, the C60 chains inside the SWCNTs must become metallic,
form a one-dimensional conduction channel and at the same time may not interact with
the SWCNT shell strongly enough to destroy overall one-dimensional behavior. This can
happen inside both metallic and semiconducting tubes, leading to a superposition of two
different systems and thus different power law scaling behavior. Another possible reason for
the changed renormalization of the spectral weight at the Fermi level could be the influence
of the actual band structure of the t1u-derived band which - unlike metallic SWCNTs - does
not have a constant density of states near the chemical potential and thus could have an
influence on the evaluation of the power law scaling factor α by a linear fit in the double-
logarithmic evaluation. On the other hand, this fit is carried out in the binding energy
region between 0.02 eV and 0.2 eV and the width of the band is expected to be around 0.2
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eV. This means that the fit region is approximately the same size as the band width and
thus an effect on α should be weak.
Region III of the doping regime (doping steps 6-8) is characterized by an increasing drop
of α at S1 shifts between 0.26 and 0.34 eV. This is the same range of ∆S1 where the rapid
drop of α was observed in the case of SWCNTs. It was explained by a beginning filling of
the conduction band semiconducting tubes, starting with the largest diameter tubes where
the M⋆1 vHs is closest to the Fermi level. Of course, the same interpretation can be applied
to C60 peapods. However, as a function of the dopant concentration, the decrease appears
to be somewhat slower. The reason for this is the fact that with the additional charge the
C60 conduction band must be also filled.
At vHs shifts ∆S1 ≥ 0.37 (Region IV), α can no longer be evaluated. The photoemission
response now resembles a Fermi edge. At this point, the Fermi level is shifted well into the
previously unoccupied states of the semiconducting tubes and for SWCNTs, a drop of α
to zero was observed which is synonymous for a Fermi liquid behavior. In the case of C60
peapods, a clear evolution of a Fermi edge together with an even more increased spectral
weight at the chemical potential can also be observed for the higher doping levels (see
below). This Fermi edge is a clear indicator for the Fermi liquid behavior typical for three-
dimensional metals and as such significantly different from the power law renormalization of
the spectral weight which was observed for the pristine and lowly doped state.The conclusion
drawn is now that – similar to SWCNTs – a transition from a TLL to a Fermi liquid can be
observed, only this time through an intermediate state which is characterized by a decrease of
the power law scaling factor α and an increase of spectral weight at the chemical potential
due to the influence of t1u-derived bands. One possible explanation for this behavior is
the formation of additional conduction channels by one-dimensional metallic chains of C60
inside the tubes. However, an influence of the actual shape of the t1u-derived band cannot
be excluded.
7.4 High doping
Now the high doping levels which are depicted in Fig. 7.9 are analyzed. The figure shows the
photoemission spectra of the region near the Fermi level for the doping levels between C/K
= 150 and C/K = 12, which is also the highest doping level achieved in these studies. At the
three lowest doping levels depicted (C/K = 150, 75 and 50), the vHs, especially S1, and their
shift to higher binding energies upon intercalation can still be observed. For even further
doping, the vHs vanish in the same way as already observed in K-intercalated SWCNTs.
Here, the same explanation as in SWCNTs applies where vanishing was ascribed to effects
such as an increasing number of scattering centers (K+ counter ions) and an increasing
intertube interaction within the peapod bundles in the intercalation compound. Also the
general shape of the spectra at these high doping levels corresponds to those of SWCNTs
and GICs. The Fermi level shift can be extracted from the shift of the π-band which lies in
the pristine peapods at a binding energy of 3 eV and amounts in our case to 0.8 eV. This
shift is lower than in the cases of SWCNTs and GICs, where for similar doping levels values
of 1.0 eV and 1.25 eV were observed. This can be explained with a higher number of states
in the conduction band of the peapods. With the same number of electrons transferred
to the peapods the t1u-derived band of the C60 must also be filled, resulting in a lower
overall shift of the chemical potential. Nonetheless, the shift of the chemical potential is
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Figure 7.9: Doping dependence of the va-
lence band spectra of C60 peapods for higher
doping levels. The numbers next to the
graph indicate the C/K ratio of the respec-
tive doping level. Inset: Comparison of the
valence band spectra of pristine (black line,
upscaled for clarity) and highly doped (grey
line, C/K = 14) C60 peapods.
still high enough that the formerly unoccupied S∗1, S
∗
2 and M
∗
1 vHs are also filled. But
interestingly, no corresponding peaks can be observed. A redistribution of spectral weight
at around 170 meV binding energy appears at the doping level C/K = 35, but it cannot be
assigned to previously unoccupied vHs, as it does not shift with increasing doping as would
be the case for the vHs. Therefore, it is interpreted in the same way as the similar feature
which appeared in highly doped SWCNTs where this satellite in the photoemission response
appears at the same binding energy which is also very close to the frequency of the G-line of
doped SWCNTs [89]. The feature can be interpreted as a redistribution of spectral weight
due to electron-phonon coupling which is also supported by the close analogy of the line
shape to the low energy photoemission spectra of the metallic C60 intercalation compound
K3C60 [137]. This spectrum is dominated by strong satellites due to coupling to phonons
and to the charge carrier plasmon which is an effect which would also explain the absence
of peaks from the previously unoccupied S∗1, S
∗
2 and M
∗
1 vHs.
7.5 Summary
In this chapter the electronic structure of C60 peapods and its evolution upon potassium
doping was investigated. In the pristine state the electronic structure of the hybrid com-
pound has been interpreted as a superposition of the respective electronic structures of the
individual compounds, i.e. the π and σ bands from the SWCNT host and the molecular
orbitals from the C60 filling. This is true for the overall behavior as well as for the fine
structure. At the same time, the metallic tubes retain their one-dimensional character as
indicated by the TLL power law scaling near the chemical potential with a power law scaling
factor similar to that obtained from metallic SWCNTs. It was shown that the t1u-derived
band of the C60 is located above the Fermi level.
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Figure 7.10: Schematic view of an undoped C60 peapod bundle (left) consisting of 1/3rd semi-
conducting (open circles) and 2/3rd metallic (black circles) tubes filled with semiconducting C60
molecules (light grey dashed circles inside). During doping this bundle is transformed to a bundle
consisting of SWCNT hosts of the same type as in the pristine state but filled with metallic chains
of C60, as indicated by the dark grey inner circles. Upon further doping also the previously semi-
conducting host tubes become metallic. The whole bundle now consists of metallic tubes filled
with metallic chains of C60.
Upon doping, the spectral features assigned to the SWCNT host shift continually to
higher binding energies as expected in a rigid band shift model which was already successfully
applied to SWCNTs. However, this model cannot be used equally for the C60-derived bands.
In particular, the highest occupied molecular orbital, the hu-derived band, exhibits non-
continuous behavior, especially at high doping. On the other hand, the development of
these features does not also correspond to the doping behavior of solid C60, where line
phases were observed.
Nevertheless, at low doping the evolution of the TLL power scaling factor α can be
interpreted well in the rigid band shift model. All in all, in this picture a complicated
situation emerges which in Fig. 7.10. In the pristine state and at the very first doping steps
the peapod bundles consist of a mixture of semiconducting and metallic nanotubes which
are filled with semiconducting C60 molecules. Upon doping, the conduction band which is
estimated to be located close to the chemical potential is filled first. If the doping-induced
shift of the Fermi level amounts to ≈ 0.15 eV, a decrease of α is observed and explained
by the influence of the t1u orbital of the C60 filling. New conduction channels formed by
one-dimensional metallic C60 chains inside the SWCNTs as they were observed before in
Raman spectroscopy [89] would explain this behavior. Upon even further doping all host
tubes are rendered metallic so that the sample consists of only metallic tubes filled with
metallic C60 chains. Although the structure of the tubes and the C60 chains is still one-
dimensional, a Fermi edge, characteristic for three-dimensional metals, is observed for all
those higher doping steps. Similar to SWCNTs this can be explained by a strong screening
of the Coulomb interaction between charge carriers in neighboring nanotubes and/or by the
fact that in a bundle of metallic tubes only, the hopping matrix element between the tubes
is strongly enhanced, thus yielding a more three-dimensional electronic structure.
8 Conclusion
The aim of this thesis was to study the metallic ground state of one-dimensional and
three-dimensional systems and a charge transfer-induced transition between these two sys-
tems. One- and three-dimensional systems exhibit distinctly different properties, expressed
amongst others in different scaling behaviors of the density of states at the Fermi level.
Single-wall carbon nanotubes are a paradigm of one-dimensional systems and together with
the fact that photoemission is an ideal tool for probing the density of states, this motivates
an investigation of SWCNTs with this spectroscopic method. In a first step it was shown
by the power law scaling of the photoemission response, that single-wall carbon nanotubes
indeed exhibit the electronic properties expected for one-dimensional systems
The main part of this thesis was devoted to the investigation of the metallic ground state
of SWCNTs upon functionalization. First, the behavior of the realistic three-dimensional
structure of SWCNT bundles upon chemical doping was probed. The overall modification
of the electronic band structure can be explained well by a rigid band shift model. The
one-dimensional character of the metallic tubes in the bundle is retained at low doping, but
when the semiconducting tubes are also rendered metallic by the charge transfer, the overall
appearance changes. A Fermi edge emerges out of the power law renormalization of the
spectral weight, signifying a transition to a three-dimensional metallic behavior, concomitant
with the observed increasing asymmetry of the C1s response at these doping levels. A
crossover from a Tomonaga-Luttinger liquid to a Fermi liquid is observed.
The filling of SWCNTs with C60 molecules raised questions concerning the role of ad-
ditional bands in the one-dimensional system. In the pristine state, the states of the C60
filling were found to have no influence on the metallic ground state. Upon doping how-
ever, the modified band structure leads to a qualitative change in the crossover from a
Tomonaga-Luttinger liquid to a Fermi liquid. The evolution of the power law scaling at
intermediate doping can be interpreted as an opening of an additional conduction channel
of one-dimensional metallic chains of C60 inside the tubes in good agreement with transport
experiments.
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